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Abstract 



The impact of nanoscience and nanotechnology has enabled us to understand, exploit, 
fabricate and engineered the materials to build devices at nanoscale. In order to develop 
unique chemical and physical properties in the materials, it is essential to structured them 
at the nanoscale. Synthesis of nanomaterials of desired shape and size is the subject of 
intense research due to their size and shape dependent unique physical and chemical 
properties. There are two main factors due to which the nanomaterials behave differently 
than that of its bulk form: (i) surface effects and (ii) quantum effects. In view of the above 
facts, it was thought worthwhile to synthesize different types of metal oxide based 
nanomaterials and its composites to explore their physical and chemical properties for 
applications in various fields of science and technology. The present work deals with the 
synthesis, characterizations and different applications of metal oxides nanomaterials along 
with graphene and its composites with metal oxide and sulfide based nanomaterials. The 
synthesis of metal oxide nanostructures of desired shape and size is one of the primary 
aims of the present thesis. Several exciting results found during the course of experiments 
have been described in more detailed in the respective chapters. The present thesis 
comprises with eight chapters. A brief description of the work presented in each chapter 
has been given as follows: 

In the first chapter, the basic aspects of low dimensional systems and 
fundamentals of nanoscience and nanotechnology have been discussed in somewhat more 
detailed to make the thesis self-sufficient and consistent. The different aspects of 
nanoscience and nanotechnology that have been covered in this chapter include: general 



introduction to low dimensional systems, effect of dimensionality on different physical and 
chemical properties of nanostructured materials. This chapter also includes a brief 
discussion about the materials considered for the investigation in the present work. A brief 
discussion on carbon based nanostructures such as; graphene oxide (GO), reduced 
graphene oxide (rGO) and graphene based nanocomposites have also been given in 
somewhat more detailed in the present chapter. 

In the second chapter, an overview of different synthesis methods such as; co- 
precipitation, sol-gel and solvothermal/hydrothermal used for the synthesis of 
nanostructured materials of different shapes and sizes have been given. Further, a brief 
description of various characterization techniques such as; X-ray diffraction (XRD), 
ultraviolet-visible (UV-VIS) spectroscopy, photoluminescence (PL) spectroscopy, Raman 
spectroscopy (RS), transmission electron microscopy (TEM), high-resolution transmission 
electron microscopy (HR-TEM), scanning electron microscopy (SEM), vibrating sample 
magnetometer (VSM) used for characterizing the synthesized products have also been 
given in the present chapter. The details of photocatalytic and antimicrobial activities 
measurements of some synthesized nanostructured materials have also been given in 
somewhat more detailed in this chapter. 

In the third chapter, a simple, efficient, low cost and template free method for 
synthesis of well dispersed ultra-long (lum) CdO nanowires has been presented. The CdO 
nanowires were characterized by XRD, TEM, UV-VIS spectroscopy and RS 
measurements. The antimicrobial activities of the synthesized CdO nanowires against 
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B.subtilis and E.coli microbes were investigated. It has been found that the strength of 
antimicrobial activity of nanowires was found to be better against B.subtilis than that of 
E.coli microbe. 

In the fourth chapter, pure CdO and CdO/MnCb (core/shell) nanostructures of 
various core and different shell sizes were sythesized using co-precipitation method. The 
phase, size, shape and strutural details of the pure CdO and CdO/MnCb (core/shell) 
nanostructures were investigated by XRD, TEM and RS measurements. TEM images 
confirm the formation of core/shell nanostructures. The presence of CdO (core) and Mn02 
(shell) crystal phase in the synthesized nanostrutures were detrmined by analyzing the 
Raman spectra of pure CdO and CdO/Mn02 (core/shell) nanostructures. 

In the fifth chapter, monodispersed Ce02 nanostructures were synthesized using 
sol-gel method. Size dependent structural, optical and magnetic properties of as prepared 
samples were characterized by XRD, TEM, UV-VIS, RS and VSM measurements. The 
decrease in the value of optical band gap with increase of particle size may be attributed to 
the quantum confinement. The appearance of asymmetrical feature in the Raman peak 
indicates that the synthesized particles are in nanoscale regime. Weak ferromagnetism at 
room temperature was observed for the synthesized samples. The increase of saturation 
magnetization (Ms) and retentivity (Mr) for bigger particle size has been explained in 
terms of higher number of oxygen vacancies in Ce02 matrix. The high concentration of 
Ce 3+ ions activate more coupling between the individual magnetic moment of Ce ions, 
leading to an increase of saturation magnetization (Ms) with the particle size. 
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In the sixth chapter, a facile one step in-situ solvothermal synthesis method has 
been used to synthesize CdS NPs, GO, rGO and rGO-CdS nanocomposites. The structural 
and optical properties of the synthesized samples have been investigated using XRD, 
TEM, UV-VIS spectroscopy, PL spectroscopy and RS techniques and a comparative 
analysis of the results obtained by these techniques have been done. The presence of two 
distinct Raman peaks in 2D band indicates that the synthesized rGO could be composed by 
double layers of rGO. The room temperature ferromagnetism (RTFM) of CdS NPs 
decorated over rGO is decreased compared to pure CdS NPs. The rGO-CdS 
nanocomposites show enhanced photocatalytic activity for the degradation of methylene 
blue (MB) dye compared to the pure CdS NPs under ultraviolet (UV) irradiation. 

In the seventh chapter, one pot in-situ synthesis of CdO NPs, GO, rGO and rGO- 
CdO nanocomposites has been reported using hydrothermal method. The structural and 
optical properties of the synthesized samples were investigated by XRD, TEM, UV-VIS, 
RS and PL spectroscopy. The RTFM of CdO NPs is increased by decorating them over 
rGO sheets, which may be attributed to the short range magnetic interaction between 
magnetic moments of CdO NPs and spin units present on the rGO sheets. The 
photocatalytic activity of the synthesized products has been investigated for 
photodegradation of MB dye under UV irradiation and found that the 80% of MB dye is 
degraded by adding the rGO-CdO nanocomposites as a catalyst to the dye solution. 

In the eighth chapter, based on the research work reported in the present thesis, a 
brief description of future scope of research work has been given. 
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Introduction 



In this chapter, the basic aspects of low dimensional systems and 
fundamentals of nanoscience and nanotechnology have been discussed in 
somewhat more detailed to make the thesis self-sufficient and consistent. The 
different aspects of nanoscience and nanotechnology that have been covered in 
this chapter include: general introduction to low dimensional systems, effect of 
dimensionality on different physical and chemical properties of nanostructured 
materials. This chapter also includes a brief discussion about the materials 
considered for the investigation in the present work. 
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1.1 Origin of Low Dimensional Systems 

From the beginning of human life on the earth, people have made their sincere efforts to 
explore the various properties of the matter to make devices and instruments of desired 
shape, size and properties. In order to make devices for application in various fields of 
science and technology and can perform functions according to their shape and size, one 
has to develop the method to manipulate structure of the materials at atomic scale. But, till 
many of the years after beginning of human life, it was tried only to manipulate the 
materials for a size and shape which can be seen by the human eye only. It is due to the 
fact that no instrument was developed to see things beyond the human eyesight. The 
manipulation of materials for the shape and size that can be seen by the naked eye is 
known as "millimeter (10" 3 m) scale technology". After a long period of time, the invention 
of microscope removed the limitations of human eyesight and established a new scale of 
technology called micrometer (urn) scale. It helps to see and observe the things at 1000 
times smaller than the millimeter. In this period of time, people were not only interested to 
see the things smaller but also were trying to manipulate the objects at 10" 6 meter scale and 
study their various physical and chemical properties. This new scale of technology is used 
to make various devices and instruments such as; computer chip of size (0.5-1.0 urn) that 
contains almost 100000 transistors. Further, the micro scale technology was used to make 
electron microscope. The invention of electron microscope has increased the resolution of 
naked eye by a factor of 100000 than that of the optical microscope. As electrons have a 
wavelength of the order of one-millionth of a micrometer (10" 6 m), it further helps to see the 
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objects of size 10" 9 meter. This new scale of technology is called nanometer (nm, 10" 9 m) 
scale. The prefix "nano" denotes objects on this scale, and nano-objects are a hundred 
million times smaller than what can be seen with the naked eye. The invention of electron 
microscope had allowed one to think and look at the properties of nano scale objects. This 
had led the foundation stone of nanoscience and nanotechnology, which now has become 
possible and apparent [1]. 

1.2 Basic Concepts of Low Dimensional Systems 
1.2.1 Nanoscience and nanotechnology 

The famous speech entitled "there is plenty of room at the bottom" delivered by Richard 
Feynman in the annual meeting of the American Physical Society at California Institute of 
Technology in 1959 [2], was the real origin of the evolution for nanoscience and 
nanotechnology. But after a long time of this famous speech, Norio Taniguchi, professor of 
Tokyo Science University, has introduced the term nanotechnology in year, 1974 [3]. 

Nanoscience is meant for the advanced and collective study of various disciplines 
of science such as; physics, chemistry and biology at nanoscale regime. It has led a major 
scientific and technological development for materials by understanding their structural, 
mechanical, optical, chemical, biological and magnetic properties at nanometer scale (lnm 
= 10" 9 meter) [2]. Nanotechnology is a promising area of research and technology which 
deals with the synthesis, design, fabrication and applications of materials and devices of 
various sizes and shapes that are engineered at the nanoscale level [4]. The actual 
significance of nanoscience and nanotechnology is the capability to understand, exploit, 
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fabricate and engineer materials, devices and systems at nanoscale size [5]. The ideas and 
concepts of different disciplines of science are taken to design a novel material with 
desired properties. The change in structural arrangement of atoms and the length scale of 
material could lead to modification in functionalities and properties of the materials at 
nanoscale which are significantly different from their bulk materials [6]. These unique 
properties driven from atomic level study of materials has made a greater impact in the 
development of science and technology with a remarkable output [5]. 
1.2.2 What are low dimensional systems? 

Low dimensional systems are the materials whose one of the dimension reduced to 
nanometer length scale at least in one direction. The low dimensional materials exhibit 
novel structural, chemical, electrical, optical and magnetic properties than that of their bulk 
form [7]. Nanostructured materials are having average diameter in the range of 1 - 100 nm 

2 7 

(10 to 10 atoms). The word "nano" has come from the Greek word "nanos" which stands 
for "dwarf [8]. The word nano is used to represent size and shape of the materials whose 
one dimension is in order of 10" 9 meter. The idea of low dimensional systems is not only 
theoretical but now it has become practically possible to build up structures of confined 
dimensionality. The confinement of carriers like electrons or holes in a low dimensional 
structure could lead to an amazing change in their physical and chemical properties due to 
the manifestation of quantum size effects [9]. The quantum size or confinement effect 
becomes significant when at least one dimension of the material is comparable to the de- 
Broglie wavelength of the particle [10]. The motion of electron around the nucleus in an 
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atom could not be explained by classical laws of physics. In order to address this issue, 
quantum-mechanical laws were used. These laws states that all matter at the nanoscale 
behaves as both, waves and particles [11]. All the information about a physical entity like 
electron, hole and photon or even a physical system such as an atom is described by a 
wave function and is sufficient to illustrate a particle or system of particles. Physical 
properties of the materials at nanoscale are predicted in terms of quantum mechanics by 
Schrodinger wave equation which provides a quantitative understanding of various 
properties of low dimensional systems [12]. 

1.2.3 Classifications of low dimensional systems or nanostructured materials 

In nanotechnology, the nanostructured materials are classified in different categories. The 
most popular way to classify nanostructured materials is their dimensionality. On the basis 
of the number of confined or reduced dimensions to the nanoscale range (<100 nm), the 
nanostructured materials can be classified in the following categories: 

> Three dimensional (3D) system - In a bulk material, all three dimensions are in 
macroscale regime and no dimensions are in nanoscale regime. In such system, 
charge carriers are free to move in all three dimensions and hence it is called a three 
dimensional (3D) system. Example - Bulk. 

> Two dimensional (2D) system - In two dimensional systems, two dimensions are 
in macroscale and one dimension is in nanoscale regime. In this system, the charge 
carriers are free to move in two dimensions but confined in one dimension. 
Example - Quantum well. 
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> One dimensional (ID) system - In one dimensional system, one dimension is in 
macroscale and other two dimensions are at nanoscale regime. The charge carriers 
are free to move in one dimension and confined in other two dimensions. Example 
- Quantum wire. 

> Zero dimensional (OD) system - In zero dimensional system, all three dimensions 
are in nanoscale. In this system, the charge carriers are confined in all the three 
dimensions. Example - Quantum dot. 

Nanostructured materials are generally categorized by their geometrical configuration such 
as; nanowires, nanorods, nanoparticles, nanoshells and nanocomposites etc. On the basis of 
size, all categories of the nanostructured materials are shown in Fig. 1.1. 



Fig. 1.1 Schematic presentation of low dimensional systems. 
1.2.4 Significance of low dimensional systems 

The Quantum dot (OD), quantum wire (ID) and quantum well (2D) nanostructures play an 
important role in fabrication of devices for applications in the fields of nanoelectronics and 
optoelectronics [4]. As the size of materials is reduced, the electrons are confined 
significantly such that the deBroglie wavelength of electrons becomes comparable to the 
physical size of nanostructured materials [10]. As a result, the materials start showing 
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extraordinary phenomena with unusual electron transfer and optical effects. It means that 
the properties of materials have become very sensitive to the shape and size of the 
materials at nanoscale range. Due to size and shape dependent confinement of electrons in 
nanostructured materials, the devices such as; transistor, memory card and gate could be 
fabricated and activated at very low voltage (0.2V) [4]. In addition, the band gap of the 
materials can also be tailored at the desired level by varying the shape and size of the 
materials. The re-distribution of electrons and holes with within the energy band structure 
will affect the various optical properties such as; rate of absorption and emission of the 
materials. The information provided by electronic structure of a material plays a vital role 
to understand various processes. The physics of low dimensional materials is, therefore, 
different in comparison to their bulk counterparts. The change in various physical 
properties of the materials with shape and size can be understood in terms of density of 
states. The density of state of the materials is a property that tells about how energy levels 
are packed in the materials [14]. For comparison, the density of states in 3D, 2D, ID, and 
0D nanostructured materials are given in Table 1.1. The variation of density of states with 
energy is illustrated in Fig. 1.2. 



Table 1.1 Density of states of conduction electron in 3D, 2D, ID and 0D systems. 
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Fig. 1.2 The variation of density of states in 3D, 2D, ID, and OD systems with energy. 
The shape, size, structural morphologies and dimensionality are the key factors for 
modification in properties and overall behavior of nanostructured materials owing to their 
numerous low dimensional characteristics different from their bulk counterparts [5]. These 
materials can be used in a wide range of applications due to their unique physical and 
chemical properties. The OD nanostructured materials of different verities with well 
controlled dimensions such as; uniform spherical particle, core-shell, quantum dots and 
hollow spheres have been studied and developed by various physical and chemical 
methods [15-17]. These nanostructured materials are extensively utilized in light emitting 
diodes (LEDs), solar cell, single electron transistor and lasers [18-20]. ID nanostructured 
materials such as; nanorods, nanowires, nanotubes, nanobelts, nanoribbons etc. are the 
ideal systems for investigating size and shape dependence of novel properties at the 
nanoscale regime [21-26]. They are expected to play a significant role in nanoelectronics, 
optoelectronics and as alternative energy sources [27]. The research field of ID 
nanostructured materials has attained a significant attention after the pioneering work by 
lijima et al. [28] and such materials have been investigated by many other research groups 
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[29-33]. The 2D nanostructured materials with certain geometries such as; nanowalls, 
nanodisks and nanofilms [34-36] have become a central area in the materials science 
research which revealed unique shape dependent properties and it can be utilized for 
various novel applications such as; sensors, photocatalysts, nanocontainer and templates 
for synthesizing other nanostructured materials [37]. Owing to the large specific surface 
area and other superior properties over their bulk counterparts arising from the quantum 
size effect [38], the 3D nanostructured materials such as; nanoballs, nanocones, nanopillars 
and nano flowers have been synthesized [39-42] and their physical and chemical properties 
have also been investigated thoroughly. It has attracted huge research interest from the 
scientific community due to their large surface area and other advanced properties 
compared to their bulk counterparts. 

1.2.5 Effect of dimensionality on physical and chemical properties 

In 2D structure, the motion of electron is confined along thickness by infinite potential 
barriers that build a quantum well. In such well, the particle cannot move away from the 
quantum well. Further, it does not lose any energy after collision with its walls. The 
quantum states in a quantum well are described by a quantum number. The Eigen energy is 
increased by reducing the size of the quantum well. The confinement of electrons in a 
potential well for the nano sized structures provides a dominant and powerful way to 
control the optical, magnetic and thermoelectric properties of the materials [43]. For ID 
structure, the electrons are free to move along one direction only that builds a quantum 
wire. In this case, the quantum states are described by two principal quantum numbers that 
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describes the confinement direction of electrons. Similar to quantum well, the Eigen 
energy of the confined electrons is increased with decreasing the size of the wire [44]. 

The OD structure, more commonly known as quantum box, restricts the motion of 
electrons in all three directions. According to the Heisenberg uncertainty principle, the 
increased spatial confinement resulted in increase of energy of the confined states. Due to 
3D confinement in the OD structure in contrast with the Quantum well and Quantum wire, 
which gives only the Eigen energies associated with transverse confinement, the discrete 
energy level and the short of free propagation of electrons are the main features of OD 
structure. An outstanding feature of OD structure is degeneracy, that appears due to the 
symmetry of the structure. It occurs when at least two dimensions are of the same length 
and more than one wave function has the same energy. We call this energy level as doubly 
degenerate energy levels [45]. Hence, it is obvious that the nature of confinement and 
dimensionality affect density of states of conduction electrons significantally. The change 
in physical and chemical properties of nanostructured materials such as; electronic, optical, 
magnetic and catalytic is mainly governed due to the transformation of energy band levels 
into quantized discrete energy levels, as the size of materials approaches to atomic 
dimensions [46]. It is predicted that the spacing between energy levels for the spherical 
nanoparticle is inversely proportional to the square of the nanoparticle radius [47]. Thus, 
on the basis of above discussions we can summarize that the following two principal 
factors are responsible for the unique physical and chemical properties of nanostructured 
materials than that of their bulk counterparts: 



9 



CHAPTER - 1 



(i) Quantum confinement effect: The nanostructured materials have a reduced dimension 
at least in one dimension. It restricts the motion of electrons in that particular direction and 
resulting different optical and electronic properties [46]. The electronic energy levels are 
not continuous as in the bulk but are discrete in nature. 

(ii) Increase in a surface area to volume ratio: The nanostructured materials have a 
relatively larger surface area compared to the same volume or mass of the materials 
produced in a bulk form. As a consequence, the number of atoms on the surface increases 
which ultimately causes to increase surface energy. The larger surface area facilitates the 
nanostructured materials for number of applications such as; catalysis, drug delivery and 
energy storage [48-50]. 

1.3 Some Interesting Physical and Chemical Properties of Low Dimensional Systems 

The nanostructured materials exhibit interesting physical and chemical properties 
compared to their bulk counterpart. 

1.3.1 Structural properties: Structural characteristics such as; lattice symmetry and lattice 
parameters are greatly influenced by size and shape. Bulk materials are typically robust 
and stable with well defined crystallographic structures. The crystal structure of 
nanostructured materials is identical as bulk structure except the modification in lattice 
parameters. Upon reduction in size, inter planer spacing is modified due to presence of 
short range core-core repulsion and long range electrostatic forces [51]. The variation in 
thermodynamic stability associated with particle size could also induce structural 
transformation and modification in lattice parameters. For structural stability, 
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nanostructures should have low value of surface free energy. The phase of material is 
highly stable due to low surface free energy at nanoscale dimension [52-53]. The decrease 
in particle size causes to increase the surface to volume ratio that generates excess stress or 
strain that causes structural perturbation [54] in the lattice. Size dependent structural 
distortions associated with change in cell parameters have been reported in earlier studies 
[55-56]. 

1.3.2 Catalytic properties: The nanostructured materials have a large fraction of the atoms 
on its surface. The excess atoms are responsible to increase its reactivity and catalytic 
activity. Beside this, the other parameters such as; high surface area to volume ratio, the 
variation in geometrical structure and unique electronic structure also greatly affect the 
catalytic properties [57]. Hence, nanotechnology has great potential to design new catalytic 
materials which may be useful for chemical, petroleum, food, pharmaceutical and 
automotive industries. One of the most important properties of a catalyst is its active 
surface that participates in chemical reaction. The active surface is increased with 
reduction of catalyst size [58]. A good example for the development of new catalytic 
material by the origin of nanotechnology is gold. In general, the bulk form of gold is 
stable, non-toxic, chemical attack and resistant to oxidation. It has been widely used in 
making Jewellery. On the other hand, the nanostructured gold is used to catalyze chemical 
reactions [59]. 

1.3.3 Electronic properties: The nanostructured materials have unusual electronic structure 
with different energy level separation and charge carrier density depending on its shape 
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and size. As a result, they show diverse electronic properties from their bulk form [60]. At 
nanoscale level, due to quantum confinement effect the energy levels are quantized that 
causes in the increase of band gap energy, as illustrated in Fig. 1.3. This explains why 
some of the metals behave like semiconductor and some may behave like insulator, as their 
size is decreased. It is reported that gold nanoparticles in the size range of 2-5 nm behave 
as insulator, semiconductor or conductor depending on their dimension due to quantum 
size effect [61]. 



Bulk Band 




Quantum 


Structure 




Dotl 




III 



Valanca 

Band 



Decreasing Siza 



Fig. 1.3 Quantization of energy levels due to particle size effect. 
1.3.4 Magnetic properties: 

The magnetic properties of the nanostructured materials are also reported to be different 
compared to its bulk form. The nanostructured materials having ferromagnetic nature, 
consist of only a single magnetic domain comparison to multiple magnetic domains in their 
bulk form [62]. The presence of single domain in ferromagnetic nanostructured materials 
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has made it to use in building high density magnetic memory devices. In order to make 
ordered single-domain magnetic particle arrays, which is desirable for magnetic memory 
elements, the materials should have both high values of remanence and coercivity. 
Remanence and coercivity are determined by anisotropy forces. These forces are affected 
by many factors such as; shape and size of the nanostructured materials. Among the 
various anisotropics, the shape dependent anisotropy is quite important since it is directly 
associated with the change in shape of the nanomagnets [63]. In nanostructured materials, 
the large surface to volume ratio causes surface atoms to interact (magnetic interaction) 
differently to its neighboring atoms leading to the surface magnetic characteristics. Upon 
reduction in size, the surface effect becomes more important due to presence of large 
fraction of surface atoms on the nanostructured surface [64]. When size of magnetic 
domain reaches to nanoscale regime, a new property like giant magneto-resistance effect 
(GME) start appears in the nanomagnets. The GME has a great impact in storing ultra 
compact information [65]. The nanostructured materials have very less magnetic moment 
compared to its bulk form and therefore it is possible to convert non magnetic bulk 
material into magnetic by varying size. For example, the gold is non magnetic at bulk but 
magnetic at nanoscale [66]. The soft and hard magnetic behaviors materials can also be 
modified by structuring the materials in their nanoscale range. The soft magnetic materials 
have small or zero coercive fields that minimize the energy loss in the form of heating 
during operation (for use in transformer). In hard magnetic materials, large coercive field is 
required for making a high field magnetic system [62, 67]. 
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1.3.5 Optical properties: 

When the size of semiconductor and metal becomes smaller or equal to its Bohr radius, the 
space for motion of exciton is reduced and as a consequence, the band gap energy is 
increased [47]. The effective mass theory (EMA) is the most important theory to explain 
the size dependence of the optical properties of nanometer semiconductors [68]. The 
quantum confinement effect provides a method of tuning the optical and emission 
properties of the nano-sized semiconductor over a range of wavelengths by controlling its 
crystallite size and shape [69]. The nanostructured metals exhibit remarkable surface 
plasmon resonance where the electrons of conduction band oscillate at the frequency of 
alternating electric field incident over the material. This effect gives rise to tunable color 
variation with particle size and shape from visible to near infrared region. The emission of 
light of a particular wavelength corresponding to the incident radiation is a strong function 
of the size of nanostructures [46]. In addition, the increased value of energy level spacing 
is an important criterion for such behavior in semiconductor nanoparticles. Due to 
increased band gap value for semiconductor nanoparticles upon reduction in particle size, 
the absorption edge is shifted toward shorter wavelengths. Therefore, semiconductor 
nanoparticles with different sizes emit different colors after excitation with radiation [47]. 
Thus, the optical properties of semiconductor nanostructures become very sensitive to the 
size and shape of the materials. Hence, the fluorescence properties in semiconductor comes 
due to particle size effect while in metal, it comes due to surface plasmon effect. There are 
few examples where the materials show different color when they are converted 
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to nanoparticles. As per example, bulk gold appears yellow while its nanostructures show 
different color such as; red, purple or orange depending on its shape and size [70]. 
Similarly, the CdSe emits different colors depending on its size, which is different 
compared to its bulk form [71]. Fig. 1.4a-b illustrates this effect for metal nanoparticle 
such as; gold (Fig. 1.4a) and CdSe (Fig. 1.4b) nanoparticles, respectively. These tunable 
optical properties of semiconductor nanoparticles are widely used as an alternative to make 
conventional dyes for fluorescence spectroscopy as well as dye sensitized solar cell and 
these are also being studied as alternative materials for manufacturing light emitting 
sources. 




Fig. 1.4 Size dependent emission from (a) gold (b) CdSe nanoparticles. 



15 



CHAPTER - 1 



1.4 Metal Oxide Semiconductor Nanostructures 

Nanostructured transition and rare earth metal oxides have been the focus of immense 
research interest in materials science due to its unique properties and wide variety of 
technological applications. The nanostructures of mixed oxide materials can produce new 
properties and also improve the application performance by combining the properties of 
individual oxide components [72]. The metal elements are able to generate a large range of 
oxide materials of various physical and chemical properties to be used in variety of 
applications. The shape and size dependent properties of metal oxide nanostructures is a 
consequence of large surface area and effective number of surface atoms available in the 
nanostructured materials [47]. The properties of metal oxide nanostructures are changed 
drastically with shape and size that makes it ultimate candidate for many technological 
applications such as; optoelectronics, energy storage, sensing, biomedicine and catalysis 
etc [73]. The particle size not only affects the surface area of nanostructured materials but 
also show quantum confinement effect within the nanostructure. The combined effect of 
size, shape and quantum confinement is responsible for interesting structural, electronic 
and magnetic properties of the nanostructured materials [74]. The change in lattice 
parameters upon reduction in particle size has been observed for many metal oxide 
nanostructures such as; NiO, Fe2C>3, CeC>2 and ZnO. The crystalline phase of metal oxide 
such as; TiC>2, AI2O3 etc. has been reported as highly stable nanostructure compared to 
their bulk counterpart. It happens due to low surface free energy at nanoscale regime 
compared to their bulk form [75]. Low dimensional metal oxides at nanoscale show 
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discrete energy levels similar to that as shown by an atom. These electronic effects are 
related to the shifting of exciton energy levels that causes change in optical band gap of the 
materials [76]. Further, in nanostructured metal oxides, surface properties are also strongly 
modified due to the presence of low coordination number and uncoordinated atoms like 
edges or corners or oxygen (O) vacancies. These parameters are responsible to produce 
specific chemical reactivity for metal oxide nanostructured materials [77]. The controlled 
synthesis (size, shape, chemical composition and crystal structure) of the nanomaterials is 
essential to obtain their unique properties and therefore it has become one of the most 
challenging issues faced by scientists and researchers working in field of nanoscience and 
nanotechnology. In the forthcoming section, a brief description of some oxide based 
materials considered in the present study has been discussed in somewhat more detailed. 
1.4.1 Cadmium oxide (CdO) 

CdO is one among the various transition metal based oxide materials. It is one of the most 
important transparent conducting oxide (TCO) materials. It belongs to II-VI n-type 
semiconductor with 2.5 eV direct band gap and 1.98 eV indirect band gap [78]. It generally 
acquires cubic rocksalt structure after crystallization like sodium chloride along with 
octahedral cation and anion centers [79]. Pure CdO appears as red or brown but it may also 
show different colors owing to its tendency to form defect structures due to anion 
vacancies [80]. Among various nanostructured metal oxides, the CdO nanostructures are 
expected to play major role in research and development due to their fundamental 
importance and wide range of potential technological applications due to its interesting 
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properties like low electrical resistivity, large band gap and high transmission in the visible 
region [81]. The large value of linear refractive index (2.49) has made it a promising 
candidate for optoelectronics applications such as; solar cell, liquid crystal displays, 
photodiodes, IR detectors, anti reflection coatings, phototransistors and sensors [82-85]. 
Being an n-type semiconductor, CdO has attracted great attention of the scientific 
community due its application in making low voltage and short wavelength electro-optical 
devices such as; light emitting dioxides and diode lasers [86]. For these applications, 
particle size, porosity and specific surface area of the CdO nanostructures are of major 
importance. So far, verities of CdO nanostructures of various size and structural 
morphologies have been synthesized. It includes; nanowires [87-89], nanotubes [90], 
nanofibers [91], nanorods [92], nanoclusters [93], nanocubes [94], nanobelts [95], and 
nanoparticles [96] by different synthesis methods like hydro thermal [97], template assisted 
[98], solvothermal [99], chemical co-precipitation [100], vapor phase transport [88], 
thermal evaporation [90], and sonochemical method [96]. CdO nanostructures have not 
only the unique optical and electrical characteristics but it also have very interesting 
catalytic properties that can be used for photodegradation of organic compounds, dyes, 
pigments and environmental pollutants [101-102]. Further, the antimicrobial properties of 
the CdO nanostructures have also been reported in the literature [103]. 
1.4.2 Cerium oxide (CeOz) 

Ce02, commonly known as ceria, has a chemical formula Ce02 and it crystallizes in the 
form of cubic fluorite structure, in which each metal cation is surrounded by eight oxygen 
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atoms [104]. The optical band gap of pure ceria is reported to be ~ 5 eV, but crystal defects 
and impurities can convert the material to a good n-type semiconductor [104]. One of the 
most interesting properties of ceria is its ability to have both +4 and +3 oxidation states. 
Recently published research articles suggest that the concentration of Ce is increased 
with reduction of particle size [105]. The reduction of Ce +4 into Ce +3 creates loss of oxygen 
that generates stable oxygen (O) vacancies or defects in the CeC>2 matrix. The presence of 
oxygen vacancies may play significant role in developing magnetic behavior in the oxide 
based nanostructured materials. The density of oxygen vacancies and presence of Ce +3 
oxidation states into CeC>2 matrix mainly depend on the synthesis methods and the 
oxidation state of Ce atom in the precursor salt [106]. Atomic size of Ce +3 (1.14 A) is 
significantly larger than that of Ce +4 (0.97 A) and therefore the size of the unit cell is 
increased due to expansion in the lattice constant [107]. The oxygen vacancies and defects 
present in Ce02 nanostructures can create electronic states within the band gap which 
further lead to its special electronic properties and emission properties. The modification in 
band gap induces unique optical property that plays a key role to develop interesting 
catalytic behavior in CeC>2 nanostructures. As a result, the CeC>2 nanostructures have 
extensively used in automobile to reduce the emissions of carbon monoxide (CO) and 
hydrocarbons from the automobile exhaust [108]. 

Bulk Ce02 as well as its nanostructures have also been used as hydrogen storage 
materials [109]. In addition, the Ce02 nanostructures adsorb CO and decompose NO and 
SO2 at room temperature. It can be used as base material of electrolytes and electrodes for 
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solid oxide fuel cells [110]. The increase in oxygen vacancies enhances the diffusion rate 
of oxygen in the lattice that causes better catalytic activity and ionic conductivity. 
Furthermore, it has attracted an extensive attention to the scientific community due to their 
prospective applications in a variety of field such as; polishing material [111], catalytic 
material [112], solar cell [113], luminescent material [114] and oxygen sensor [115] as 
well as oxygen storage capacitor [116]. The crystalline CeC>2 nanostructures have been 
synthesized by means of a variety of methods, including room-temperature solution 
precipitation [117], sonochemical [118], hydrothermal crystallization [119], 
microemulsion [120], mechanochemical processing [121], thermal decomposition [122], 
spray pyrolysis [123], sol-gel [124], thermal hydrolysis [125] and solvothermal [126]. 
1.4.3 Manganese oxide (MnC>2) 

MnC>2 is an inorganic compound having rutile crystal structure with three-coordinate oxide 
and octahedral metal centres [127]. It is one of the oxide materials of manganese among 
different types of manganese oxides such as; MnO, Mn3C>4, Mn2C>3 and Mn2C>7. The 
Mn02 is low-cost, non-hazardous materials available in various polymorphic forms. It 
forms a variety of polymorphs such as; a-MnC>2, (3-MnC>2 and y-MnC>2 [128]. MnCh is used 
as a pigment in glass making as well as ceramics and as a precursor to prepare 
ferromanganese for use in steel industry and also in making other manganese compounds 
such as; KMnC>4 [129]. It can be a suitable material for dry cell batteries such as; alkaline 
battery and zinc carbon battery. The annually consumption of MnC>2 for this purpose is 
around 500,000 tonnes [130]. 
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1.5 Cadmium Chalcogenide Nanostructures 

A chalcogenide is a chemical compound that consists of at least one chalcogen anion and 
one electropositive element. The word chalcogen is generally used for sulfides, selenides, 
and tellurides. The elements of group sixteen in the periodic table are considered as 
chalcogens [130]. Metal chalcogenide follows the formula ME, where M belongs to a 
transition metal and E belongs to sulphur (S), selenium (Se), and tellurium (Te). Metal 
chalcogenide is a chemical compound made up of combination of metal element and 
chalcogen anion such as; S, Se or Te [131]. Nowadays, the nanostructured metal 
chalcogenide has created a center of significant attention due to their exceptional properties 
suitable for various technological applications. 
1.5.1 Cadmium sulfide (CdS) 

CdS is an inorganic compound having chemical formula CdS. It belongs to II- VI classof 
semiconductor and appears in yellow color [132]. In nature, it crystallizes in two different 
crystal structures such as; hexagonal wurtzite structure (found in the mineral Greenockite) 
and the cubic zinc blende structure (found in the mineral Hawleyite). At high pressure, 
CdS can be found in rock salt crystal structure similar to the structure of NaCl [131]. It has 
a direct band gap of 2.42 eV in its bulk form. The value of its optical band gap can be 
tuned by changing its shape and size [133]. The CdS nanostructures can be synthesized by 
co-precipitation method using soluble cadmium salts with sulfide ion. It is reported that the 
chemical precipitation method results cubic zinc blende type structure of CdS 
nanostructures [133]. Several other synthesis methods such as; sol-gel [134], evaporation 
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[135], template [136], solvothermal [137] and hydrothermal [138] have also been used to 
fabricate CdS nanostructures of various shapes and sizes. The CdS nanostructures can be 
used as pigment due to their good thermal stability against light and weather fastness and 
high opacity. Approximately, 2000 tons of CdS nanostructures are manufactured annually 
for this purpose [139]. It has good applications in making photo-resisters which is sensitive 
to visible and infra-red light. Thin films of CdS have already been used as transducers 
operated at GHz frequencies and its combination with other materials (composites) has 
been utilized in manufacturing different types of solar cells [140]. The CdS nanostructured 
materials can act as electroluminescence [141] and also have been used in solid state laser 
[142]. 

1.6 Carbon Based Nanostructures 

After hydrogen, helium and oxygen, carbon is the fourth most abundant element in the 
universe (by mass) and the second most abundant mass within the human body. It makes 
carbon the most important element for all known life on earth [143]. Carbon based 
nanostructures are defined as the materials that consist of carbon atoms. The fullerenes and 
carbon nanotubes are the excellent examples of it. 
1.6.1 Graphene oxide (GO) 

Graphite is a three dimensional carbon based material made up of millions of graphene 
layers. When graphite is treated with strong oxidizing agents, oxygen containing 
functionalities are introduced in the graphite structure due to the oxidation of graphite. The 
oxidized graphite is called graphite oxide. Graphite oxide is a compound made up of 
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carbon, hydrogen and oxygen based molecules [144]. The presence of oxygen 
functionalities increase the layer separation of graphite and make the material hydrophilic. 
Due to hydrophilic nature, it can be dispersed in water. After sonication, graphite oxide can 
be exfoliated to produce its single or few layers, known as GO [145]. Thus, the main 
difference between graphite oxide and GO is the number of layers present in the 
synthesized material. The easy dispersability in water and other organic solvents is one of 
the important advantages of GO compared to the graphite. In comparison to graphite, the 
sheets in oxidized graphite or GO are heavily oxygenated by hydroxyl and epoxide 
functional groups located on their basal planes. However, the carbonyl and carboxyl 
groups are located at the sheet edges [146]. The presence of functional group with GO can 
vitally modify its properties. The chemically modified GO could then potentially become 
much more adaptable for various applications. Depending upon the application, the GO 
can be functionalized through different methods. 

Brodie was the first person who demonstrated the synthesis of GO in 1859 by using 
potassium chlorate, graphite and fuming nitric acid [147]. After a long time, in 1898, 
Staudenmaier [148] made a small change in this protocol by adding sulfuric acid with 
fuming nitric acid and additional amount of potassium chlorate that produced improved 
oxidized GO. In 1958, Hummers [144] reported a more efficient method in which graphite 
is oxidized by using potassium permanganate (KMn04) and sodium nitrate (NaNOs) in 
concentrated sulfuric acid (H2SO4). Nowadays, this is the most popular and commonly 
used method for the synthesis of GO. It should be noted that all three above mentioned 
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procedures involved the generation of the toxic gases such as; NO2, N2O4 and CIO2 with 
being explosive. To overcome these problems, a new method called "improved method" 
has been investigated [149] in year 2010. In this method, the scalable preparation of GO is 
achieved by treatment with KMnC>4 and concentrated H2SO4 with addition of phosphoric 
acid (H3PO4). 

The GO can be utilized as containers for corrosive acids when painted on copper or 
glassware. It can also be used in DNA analysis applications and making GO based DNA 
sensors [150]. In addition, it has been considered as a freestanding flexible battery anode 
material for lithium-ion and sodium-ion batteries. Graphene-coated plastic films could be 
used in medical packaging to improve shelf life [151]. The most attractive property of GO 
is its reduction (partly) to graphene like sheets by mixing suitable reducing agents. The 
reducing agent mainly removes the oxygen containing functional groups and the recover 
the layered conjugated carbon structure [152]. 
1.6.2 Graphene 

Graphite, diamond and amorphous carbons are three naturally occurring allotrope of 
carbon. The bonding and structures of the carbon atoms within these three naturally 
occurring allotropes are different. The diamond has crystalline structure while amorphous 
carbon (such as coal or soot) does not have a crystalline structure. However, the graphite 
contains thousands or even more of individual layers of hexagonally linked carbon atoms 
coordinated through covalent bonds in a form of honeycomb lattice stacked together. 
These covalent bonds are very strong, and carbon atoms are separated by 0.142 nm [153]. 
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Graphene is basically a single layer of graphite in which the carbon atoms are bonded 
together hexagonally in a honeycomb lattice structure. Graphene was discovered in year 
2004 [154]. It is an allotrope of carbon where carbon atoms are bonded through sp bonds 
in a plane type of structure with bond length 0.142 nm. The layers of graphene stacked on 
the top of each other similar to graphite, with an interplanar spacing of 0.335 nm [155]. 
Due to extraordinary properties such as; large surface area, exceptional thermal 
conductivity high Young's modulus and high electrical conductivity, graphene has been 
widely used in commercial and industrial applications to make optoelectronics and 
nanoelectronics based devices such as; batteries, supercapacitors and composites [156- 
159]. However, the strong Vander Waals force and n-n stacking interaction among 
graphene layers causes aggregation that limits the performance of graphene. In order to 
have satisfactory performance, the aggregation problem can be minimized or prevented by 
decreasing n-% stacking interaction through functionalization of graphene sheets [160]. 
Further, in order to make monolayer or few-layer graphene sheets from GO, the chemical 
method is currently most suitable synthesis method for reduction of GO into reduced 
graphene (rGO). In the laboratory, the rGO or graphene is mainly produced by chemical 
reduction using hydrazine, sodium boron hydride and hydroquinone etc. The reduction of 
GO will remove most, but not all, of the oxygen containing functional groups [161]. Once 
rGO is produced, there are many approaches to functionalize rGO by treating it with other 
chemicals or by creating new compounds by combining rGO with other materials for their 
use in different commercial applications [162]. Some interesting properties/features of 
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graphene that can be used to explore its various applications [163-175] are summarized 
under the following points: 

> Graphene is forty times stronger than the diamond and three hundred times stronger 
than A36 structural steel at 130 gigapascals. 

> It offers energy levels for electronic conduction with very high electron mobility 
due to presence of free pi (71) electron at each carbon atom. This characteristic of 
graphene can be used to make photovoltaic cells and supercapacitors that will be 
able to charge our mobile telephones and tablet computers in a matter of minutes 
while walking to school or work. 

> Graphene can be used to enhance the capacity and charge rate of batteries as well 
as the longevity. Currently, silicon is widely being used to store large amounts of 
energy. But that potential amount reduces drastically on every charge or recharge. 
By use of graphene, batteries can be made with almost no reduction in storage 
capacity between charges. It means that the electronic devices may be able to be 
charged faster. 

> Another use of graphene is in paint. Graphene is highly inert and can act as a 
corrosion barrier between oxygen and water diffusion. This could be grown onto 
any metal surface to avoid the metal from corrosion. 

> Due to its ultimate strength, it can be developed as a potential replacement for 
Kevlar (strong bulletproof material) in protective clothing. Being extremely 
translucent, it can be able to fit intelligent windows to home, with virtual curtains. 
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> It can also be used in security orientated clothing for protection against unwanted 
contact with the use of electrical discharge. 
1.6.3 Graphene based composites 

Graphene based metal oxide composites are emerging as a new category of materials that 
showing the properties of both, graphene and metal oxides. Owing to large surface area 
with exceptionally well electrical, thermal and mechanical properties, graphene offers a 
broad range of possibilities to synthesize graphene based metal oxide composite materials 
for several applications such as; battery, supercapacitor, photovoltaic cell, photocatalysis 
and fuel cell etc [176]. When the materials such as; polymer and inorganic nanostructures 
are decorated over the graphene sheet, the resulting composite material evolved with 
remarkably improved properties that can't be observed in graphene and metal oxides 
individually. In the last few years, a lot of efforts have been made to develop the 
composites of inorganic nanostructures of metals, metal oxides and semiconductors with 
graphene [177]. Graphene serves as a useful substrate for decorating inorganic 
nanostructured materials over its surface to enhance their properties. Recently, a great 
number of efforts have been made to incorporate various metals, metal oxides and 
semiconducting nanostructures such as; Au [178], ZnO [179], CdS [180] and CdSe [181] 
etc. over graphene for getting exceptional properties different than that of individual 
graphene and metal oxides. In general, in-situ growth technique such as; 
solvothermal/hydrothermal is used for synthesizing graphene based composites. The most 
important advantage of this technique is the uniform distribution of nanostructures on 
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graphene surface with direct interfacial contact between graphene sheets and 
nanostructures. Further, the in-situ approach overcomes the aggregation problems and low 
yield production of graphene layers significantly [182]. Other methods such as; sol-gel 
[183], UV assisted reduction [184], thermal treatment [185] and soft chemical route [186] 
has also been employed to prepare graphene based metal oxide composites. 
1.7 Applications of Nanostructured Materials 

Due to unique nature of nanostructured materials compared to their bulk counterpart, it has 
been used for various applications. The quantum confinement causes to change their 
various properties such as; optical, electronic, electrical, mechanical and magnetic etc. 
Thus, these unique properties have made the nanostructures to fabricate miniaturized 
devices for potential applications. In the recent years, the nanostructures are gaining wide 
range of applications in area such as; optoelectronics, photonic band gap materials, 
nanoelectronics, catalysis, sensing, drug delivery, energy and data memory storage etc 
[187-191]. The point wise applications of nanomaterials [192-197] are given below: 

> Applications of nanostructures in chemical industry: Nanocomposites based 
coating systems, production of chemicals and magnetic fluids. 

> Applications of nanostructures in catalysis: Catalytic converter and photocatalytic 
devices. 

> Applications of nanostructures in medicine: Active agents in drug delivery 
systems and cancer therapy, tissue engineering, fluorescent biological labels, rapid 
test for medical diagnosis, separation and purification of biological molecules and 
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cells, antimicrobial agents, probing of DNA structure, detection of proteins, tumor 
destruction. 

> Applications of nanostmctures in automotive industry: Light weight automobile 
construction, painting and sensors. 

> Applications of nanostmctures in electronic industry: Electrode, data memory, 
Glass fibers, displays and laser diodes. 

> Applications of nanostmctures in energy Sources: Batteries, ultra capacitors, solar 
as well as photovoltaic cell and fuel cells. 

> Applications of nanostmctures in cosmetics: Antiseptic cream, tooth paste and 
UV light protection creams. 

1.8 Objective of the Present Research Work 

In view of above discussed studies on unique properties of low dimensional systems 
mainly, metal oxide nanostructures (transition and rare earth), graphene and graphene 
based nanocomposites and their applications in various fields of science and technology, it 
has been found that these materials are of great importance because of its tendency to 
produce unique shape and size dependent physical and chemical properties. But, expensive 
synthesis methods, complicated steps and aggregation or agglomeration problems of the 
nanostructures synthesis limits us the synthesis of controlled shape and size and 
consequently their possible applications in various fields. A highly controlled synthesis of 
desired shape and size depending upon its applications of the nanostructured materials with 
high reproducibility is still a great challenge for the scientific community. Further, as 
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graphene has excellent chemical and physical properties, but restacking tendency of 
graphene during reduction due to Vander Waals and 71-71 stacking interactions limits the 
wide applications of graphene for advancement of the future technology. Thus, in case of 
graphene also, the aggregation of graphene layers creates a great loss of effective surface 
area of graphene. It can be minimized by decreasing 71-71 stacking interactions through 
incorporation of nanoparticles on graphene sheets by decorating them over the graphene 
sheets. The world wide scientists have been still trying to develop an easy and efficient 
method to synthesize well controlled shape and size of the nanoparticles and graphene 
based metal oxide nanocomposites. In this context, a systematic study on shape and size 
dependent magnetic and optical properties of CdO, CeC>2 and CdO/MnC>2 (core/shell) 
nanostructures are still lacking in the literature. Further, a simple and low cost synthesis of 
graphene based CdS and CdO composites and their optical and magnetic properties along 
with its photocatalytic applications have not been thoroughly addressed in the literature. 
Thus, in view of above mentioned facts on shape and size dependent properties of metal 
oxides and their composites with graphene, it is worth to perform a systematic study on 
magnetic and optical properties of such systems along their some possible applications. 
Thus, the objective of the research work presented in the current thesis can be summarized 
under the following bullet points: 

> To synthesize ultra-long nanowires of CdO using simple and low cost synthesis 

method and study their optical properties. The antimicrobial activity of synthesized 

CdO nanowires has also been tested on different microbes. 
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> To develop an efficient and low cost synthesis protocols to synthesize well 
controlled CdO/Mn02 (core/shell) nanostructures of different core and shell size 
and study their optical properties. 

> To synthesize different size of highly dispersed and spherical CeC>2 nanoparticles 
and study their optical and magnetic properties as function of size. 

> To synthesize GO, rGO and rGO decorated with highly dispersed CdS 
nanoparticles and study their optical and magnetic properties. The photocatalytic 
activity of GO, rGO and rGO decorated with CdS nanoparticles and pure CdS 
nanoparticles will be investigated for the photodegradation of methylene blue (MB) 
dye molecule under ultra-violet radiation. 

> To synthesize GO, rGO and rGO decorated with highly dispersed CdO 
nanoparticles and study their optical and magnetic properties. The photocatalytic 
activity of GO, rGO and rGO decorated with CdO nanoparticles and pure CdO 
nanoparticles will be investigated for the photodegradation of MB dye molecule 
under ultraviolet radiation. 
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Synthesis methods and characterization techniques 



In this chapter, an overview of different synthesis methods such as; co- 
precipitation, sol-gel and solvothermal/hydrothermal used for the synthesis 
of nanostructured materials of different shapes and sizes have been given. 
Further, a brief description of various characterization techniques such as; X- 
ray diffraction (XRD), ultraviolet-visible (UV-VIS) spectroscopy, 
photoluminescence (PL) spectroscopy, Raman spectroscopy (RS), 
transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), vibrating sample magnetometer (VSM) used for characterizing the 
synthesized products have also been given in the present chapter. The details 
of photocatalytic and antimicrobial activities measurements of some 
synthesized nanostructured materials have also been given in somewhat 
more detailed in this chapter. 
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2.1 Introduction 

In order to manipulate the materials at nanoscale range for getting desired shape and size 
and to utilize their size and shape dependent properties, the synthesis methods used in the 
synthesis process play an important role to control the growth of nanostructured materials. 
In this regard, major success have been achieved today with the help of expanding 
horizons of nanotechnology, which always demands new protocols for the synthesis of 
nanostructures of different sizes and shapes [1]. The scientists are usually applying either 
"top-down or "bottom-up" approach for the synthesis of nanostructures. The top-down 
approach mainly involves physical methods like lithography, milling and sputtering etc. In 
the top-down approach, nanostructures are synthesized by breaking down of bulk material 
into small segments till the desired size and shape is achieved. The bottom-up approach 
mainly involves chemical methods like co-precipitation, sol-gel and 
hydrothermal/solvothermal. In the bottom up approach, nanostructures are synthesized by 
assembling basic units of the materials into larger structures [2]. Due to limited success 
and high cost of physical methods, chemical methods are comparatively cost effective, and 
easy for the synthesis of nanostructures. As we know that the properties of nanostructured 
materials are very sensitive to size and shape, therefore, the synthesis methods through 
which one can have the controlled over the growth on shape and size of the nanostructures 
of metals, metal oxides, metal sulfides and its composites with various morphologies at 
large scale have been the subject of immense research interest [3]. In chemical method of 
synthesis, different capping agents and solvents are used to control the size, shape and 
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stability of nano structures for its various applications [4]. 

In this chapter, an overview of synthesis methods and characterization techniques 
used to study the nanostructures has been presented. In the entire research work, co- 
precipitation, sol-gel and solvothermal/hydrothermal methods of synthesis were used for 
synthesizing the desired shape and size of the nanostructures. Structural and morphological 
characterizations of the nanostructured materials were done through X-ray diffraction 
(XRD), transmission electron microscopy (TEM) and scanning electron microscopy 
(SEM) measurements. Optical properties of the synthesized nanostructures were studied by 
ultraviolet-visible (UV-VIS) spectroscopy, photoluminescence (PL) spectroscopy and 
Raman spectroscopy (RS) measurements. Magnetic properties of the synthesized 
nanostructured materials were done with the help of vibrating sample magnetometer 
(VSM) measurements. Besides the synthesis and characterizations, some possible 
applications such as; antimicrobial and photocatalytic activities of the synthesized 
nanostructures have also been investigated. 
2.2 Synthesis Methods 
2.2.1 Co-precipitation method 

Co-precipitation is a facile and convenient chemical method to synthesize nanostructures 
of desired shapes and sizes. This method has been mostly used to synthesize metal oxide 
based nanostructures. Usually, in this method, the aqueous solutions of the metal salts are 
mixed in the appropriate ratio and the co-precipitation of the product could be obtained by 
hydrolysis process by keeping the solvent medium basic in nature in the presence/absence 
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of inert atmosphere at room temperature or elevated temperature [5-6]. In this method, it is 
crucial to control the factors such as the ratio of metal salts, reaction temperature, pH 
value, type of salts and ionic strength of mixed solution that determine the precipitation 
process to make desired size and shape of the materials. Careful control of precipitation 
kinetics can result in monodispersed and narrow size distribution of the nanostructures [7]. 
After controlling the above mentioned factors during the synthesis process, co- 
precipitation of various salts such as; nitrates, acetates, sulphates and chlorides yields 
different types of nanostructures with narrow size distributions of various materials such 
as; ZnO, SnC>2, MnC>2, and CdS etc for various applications such as; catalysis, energy 
storage, optoelectronics and sensing etc. Due to the low cost, simple and easy to control 
the different parameter for getting the desired shape and size of the nanostructures, the co- 
precipitation method has widely been used to synthesize simple and more complicated 
nanostructures such as; core-shell and nanocomposites [8]. 
2.2.2 Sol-gel method 

In general, the sol-gel process is used to synthesize the nanostructures of inorganic non- 
metallic materials from solutions precursor [9]. The sol-gel process consists of four 
different steps: (i) hydrolysis, (ii) poly-condensation, (iii) drying, and (iv) thermal 
decomposition [8]. At first step, the precursors are dissolved in a suitable liquid (usually 
water for the colloidal route and alcohol for the polymeric route) to make colloidal 
solution, called sol. The size of the sol particles mainly depends on several factors such as; 
composition of the solution, pH, and temperature at which reaction is occured. The sol is 
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then treated by the addition of an acid or a base which further react with each other to form 
a network of solid material. The network grows and ages with time and temperature and 
the viscosity of the liquid solution is increased at an exponential rate until gelation process 
occurs. Once the mixed solution has been condensed to a gel, the solvent must be removed 
by washing followed by drying. Thereafter, the obtained product is calcined at higher 
temperature to make final product. By controlling above mentioned factors during 
synthesis, the size of the particles can be tuned to the nanoscale range. This synthesis 
method has been used to prepare nanomaterials in different forms for its applications in 
different areas of science and technology. The advantages of sol-gel method of synthesis 
over other synthesis method are its low synthesis temperature, high purity, novel material 
and low investment. This method has mainly been used to synthesize various shapes and 
sizes of TiC>2, Ce02, Zr02, SnC>2, ZnO, CdS and other oxide based nanostructures [10-11]. 
2.2.3 Hydrothermal/solvothermal method 

Hydrothermal method of synthesis is a commonly used synthesis method to synthesize 
nanostructures of different sizes and shapes. The word hydrothermal has originated from 
Greek words 'hydros' meaning water and 'thermos' meaning heat. Hydrothermal synthesis 
can be defined as the occurrence of heterogeneous reaction in the presence of aqueous 
solvents under high pressure and temperature to dissolve and re-crystallize the materials 
which is insoluble under ordinary conditions [12]. The hydrothermal process is carried out 
in a sealed Teflon lined stainless steel autoclave that can hold up at high temperature and 
pressure for a long time. The mixed solution consisting of solvent, precursors and acidic or 
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basic medium placed into an autoclave. The loaded mixture in autoclave is then heated at 
the desired temperature. A temperature gradient is maintained at both the ends of growth 
chamber so that the hotter end dissolves the loaded material and the cooler end causes 
seeds to take additional growth. The precursor materials transform to the stable compound 
due to elevated temperature of water since the structure of water at elevated temperatures is 
different than that of the ambient temperature. In addition, the properties of precursor 
materials such as; solubility and reactivity are also changed at high temperature. After 
cooling the autoclave, the final product can be isolated by filtration and after washing 
several times with water [13]. During the synthesis, different parameters such as, 
stoichiometries amount of reactants, pH of the reacting solution, temperature, pressure and 
reaction time play a vital role to maintain homogeneous nucleation rate and narrow size 
distribution with desired shapes and sizes [14]. Different types of oxides and sulfides based 
nanostructures such as; TiC>2, LaCrC>3, ZrC>2, BaTiCb, SrTiC>3 and PbS of various shapes 
and sizes have been successfully synthesized by this method [10-11]. Further, when polar 
and non-polar solvents such as; alcohol, benzene etc. are used in synthesis in place of 
water then this method is called solvothermal synthesis. The advantages of hydrothermal 
method of synthesis over any other chemical methods of synthesis are manufacturing of 
high crystallinity, less defects fine powders with controlled morphology and high purity. A 
digital photograph of the Teflon lined stainless steel autoclave used in the present study is 
given in Fig. 2.1. 
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Fig. 2.1 Digital photograph of Teflon lined stainless steel autoclave. 
2.3 Characterization Techniques 
2.3.1 X-ray diffraction (XRD) 

XRD is a versatile tool for structural characterization of the materials. This technique has 
extensively been used to determine the crystalline phase of the solid materials. The phase 
formation, lattice constant, inter planar spacing and crystallize size of the synthesized 
samples were investigated by performing the XRD measurements at room temperature. 
The XRD measurements on powder samples were performed with the Rigaku Smart Lab 
equipped with Cu-Ka radiation (k = 1.54 A) operated at 20 - 60 kV and 2-60 mA. 
Samples were scanned in the angle range of 10-80° with a scanning rate of 0.1 (degree) / 
min. The recorded diffraction pattern is composed of characteristic peaks at specific 
angles. The peak position, full width at half maximum (FWHM) and intensity of specific 
peak provides the information about the phase, crystallite size and crystallinity with details 
of crystal planes. A digital photograph of X-ray diffractometer is presented in Fig. 2.2. 
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Fig. 2.2 Digital photograph of X-ray diffractometer. 
2.3.2 Ultraviolet-visible (UV-VIS) spectroscopy 

UV-VIS spectroscopy is an important tool to study the optical properties of the materials. 
This technique has been extremely useful in studying optical properties of low dimension 
systems due change in electronic properties of the materials at nanoscale range. The UV- 
VIS spectra of the synthesized samples were recorded in the spectral range of 200-800 nm 
using PerkinElmer (Lambda35) UV-VIS spectrometer. UV-VIS spectra were used to 
calculate the optical band gap and the nature of electronic transition. The UV-VIS spectra 
of the synthesized samples were measured by dispersing the powder samples in solution. 
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The details of the measurements have also been given in the experimental section of the 
respective chapter. This instrument can be used to record the UV-VIS spectra in liquids, 
solids, pastes and powder samples. The variable bandwidth operation allows sensitive 
measurements with accessories such as integrating spheres and fiber optic cables. A digital 
photograph of UV-VIS spectrometer is given in Fig. 2.3. 



Fig. 2.3 Digital photograph of UV-VIS spectrometer. 
2.3.3 Photoluminescence (PL) spectroscopy 

The PL spectroscopy is an experimental technique which has been used to study the 
emission behavior of bulk and low dimension systems. The PL measurements of the 
synthesized samples were performed using a PerkinElmer (LS-55) Fluorescence 
Spectrometer. The emission range for the spectra which can be recorded using this 
instrument is 200 - 900 nm at the spectral resolution of 1 nm. Excitation and emission slit 
width (spectral band width) used in this experiment is fixed at 5 nm. The emission spectra 
of the synthesized samples were recorded in powder as well as in solution form. The 
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details of the PL measurements of the synthesized samples have been presented in the 
experimental section of the respective chapter. The samples were excited by radiation of 
320 nm wavelength and emission spectra were recorded in the spectral range of 350-550 
nm. A digital photograph of PL spectrometer is given in Fig. 2.4. 




Fig. 2.4 Digital photograph of PL spectrometer. 
2.3.4 Raman spectroscopy (RS) 

RS is a non destructive and very useful experimental tool to study the optical as well as 
structural properties of the bulk as well as nanomaterials. Since the Raman scattering is 
originated from the molecular level, it has been widely used to characterize the 
nanomaterials of different shapes and sizes. Due to confinement of phonon in low 
dimension systems, the Raman features of low dimension materials are observed to be 
different than that of its bulk form of the materials. The Raman spectra of the synthesized 
products were recorded at room temperature in the spectral range 200-1200 cm" 1 using a 
Renishaw invia Raman spectrometer. It is equipped with a microscope and a high- 
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performance CCD detector. The 514 nm line of argon-ion laser was used to illuminate the 
sample. The other experimental details of the Raman measurements have been given in the 
experimental section of the corresponding chapter. For recording the Raman spectra of the 
samples, 180° scattering geometry was used. A digital photograph of Raman spectrometer 
is illustrated in Fig. 2.5. 



Fig. 2.5 Digital photograph of Raman spectrometer. 
2.3.5 Transmission electron microscope (TEM) 

TEM is one of the most powerful and useful tools to characterize the shape and size of the 
nanostructured materials. The TEM has been extensively used to determine the shape, size, 
crystalline phase, growth direction of crystal plane and surface structure of the low 
dimension systems. The shape and size of the nanostructures are determined by imaging of 
synthesized products. The size, shape and inter-planar spacing of the nanostructures were 
analyzed by high resolution transmission electron microscopy (HR-TEM) (TEM, Tecnai 
G20 S-Twin). The HR-TEM instrument was equipped with an ultra-high resolution 
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objective lens and was operated at an accelerating voltage of 80 kV. To perform the 
measurements, 2 mg of powder sample was dispersed in ethanol by sonication for lh and 
one drop of the well-dispersed sample solution was deposited on to a carbon coated copper 
grid having 400 mesh/mm. The dried grid was used for HR-TEM measurements. Selective 
area electron diffraction (SAED) pattern can be obtained by TEM measurements when a 
selected-area aperture is used to determine inter-planar spacing of corresponding plane. 
The other details of the TEM measurements of the synthesized products have been given in 
the corresponding chapter. A digital photograph of TEM is presented in Fig. 2.6. 




Fig. 2.6 Digital photograph of Transmission electron microscope. 
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2.3.6 Scanning electron microscope (SEM) 

SEM is an important tool to characterize the low dimension systems. This technique has 
been widely used to characterize the structural morphology and surface analysis of the 
nanostructured materials. The most important use of this technique in nanoscience and 
technology is to determine the presence of different elements in nanostructured materials 
especially to the nanocomposite materials. Surface morphologies of the synthesized 
samples were studied using FE-SEM (SIRIDN 2000) and SEM (FEI QUANTA-200 
MK2). Before SEM measurements, samples were coated with gold. A working distance of 
10 mm was maintained and a 15 kV acceleration voltage was used to perform the 
measurements. The details of the measurement can be found in the experimental section of 
the corresponding chapter. A digital photograph of SEM is given in Fig. 2.7. 




Fig. 2.7 Digital photograph of scanning electron microscope. 
2.3. 7 Vibrating sample magnetometer (VSM) 

The VSM has become a widely used instrument to determine magnetic properties of a 
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large variety of materials such as; diamagnetic, paramagnetic, ferromagnetic, anti- 
ferromagnetic and ferrimagnetic. It has a flexible design and combines high sensitivity 
with simplicity of sample mounting and exchange. The magnetic properties of the 
synthesized samples were measured at room temperature by the means of VSM (ADE- 
DMS, model EV-7USA) at maximum applied field of 17.5 KOe. A small amount of 
powder -10 mg was put in the butter paper and makes it tight to avoid the movement of 
sample inside the sample holder. All important magnetic parameters are determined by 
analyzing magnetization vs applied magnetic field curve. The magnetic moment, 
coercivity, retentivity, and saturation magnetization have been calculated with the help of 
M-H loop of the samples. A digital photograph of VSM is given in Fig. 2.8. 




Fig. 2.8 Digital photograph of vibrating sample magnetometer. 
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2.4 Photocatalytic Activity 

The photocatalytic activity of any material, used as a catalyst, is the ability of the catalyst 
to generate electron-hole pairs after irradiation of light. These photogenerated electron- 
hole pairs create free radicals such as; hydroxyl radicals and »OH. These radicals have 
ability to undergo for secondary reactions and resulting the degradation of organic 
pollutants. For the occurrence of photocatalysis, the incident photon should have energy 
equal to or greater than the catalyst material. Upon irradiation of light, a photon is 
absorbed by the catalyst and an electron is excited from the valence band (VB) to the 
conduction band (CB), generating a positive hole in the valence band. The main goal of 
this process is to make a reaction between the generated holes with OFT (present in the 
aqueous solution) to produce hydroxyl radicals (OH) and also a reaction between the 
excited electrons with dissolved O2 molecules to produce oxygen peroxide radical 0 2 '". 
These radical ions degrade the organic pollutants into small molecules such as; CO2 and 
H 2 0[15]. 

The degradation mechanism of long molecules into small molecules by addition of 
catalyst can be understood by going through the following steps: 

Catalyst material hv (E > Eg) -> Catalyst material [h + (VB) + e" (CB)] 

0 2 +e" (CB)^0 2 '" 
H 2 0 + h + -> H + + OH" 
OH" + h + (VB) -> -OH 
Organic pollutants + -OH + 0 2 '" -> C0 2 + H 2 0 + etc. 



59 



CHAPTER - 2 



In order to study the photocatalytic properties of the synthesized samples over organic 
pollutants under desired light irradiation, the aqueous solution of organic pollutants mixed 
with suitable catalyst is prepared. The obtained dispersed aqueous solution was stirred in 
the dark for 30 min to achieve the adsorption equilibrium. The solution is exposed to light 
of desired wavelength for a fixed time. After a fixed interval of time, the solution is taken 
out from the light chamber to record UV-VIS absorption spectra and determine the residual 
concentration of organic pollutants by analyzing the intensity of absorption peak appeared 
in the UV-VIS spectra. 
2.5 Antimicrobial Activity 

Nanostructures have high surface to volume ratio with reactive components on the surface. 
The size and shape of the nanostructures are generally responsible for generating reactive 
oxygen species, at the nanostructured surfaces that damage the microbial or cell membrane 
lipids and damage to the DNA, which ultimately leads to death to the microbes or cell 
when the nanoparticles are brought closer to these biological species. Thus, one of the 
most important applications of nanostructured materials in biology is to prevent the growth 
of bacteria. Thus, the nanostructured materials are also known to have good antimicrobial 
activity. 

The Modified Bauer-Kirby disc diffusion method [16] was followed to study 
antimicrobial activity of synthesized samples. Microbial culture of 106 Colony forming 
Unit (CFU) for analysis was fresh prepared from stock solution. Microbes were inoculated 
in sterilized and autoclaved Muller hinton broth (MHB). Further, 15 gm of MHB was 
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dissolved in 500 ml of distilled water, pH 7.0 and incubated for 24 hours at 28±2 °C in an 
incubator shaker at 120 rpm. Plates were got ready of Muller Hinton Agar (MHA) to check 
the antimicrobial activity of filter paper disc coated with silver solution of nanorods with 
different aspect ratios. The size of each disc was fixed to 8 mm. The disc is made from 
sterilized filter paper. These discs were then impregnated with 20 [d synthesized samples 
solution and were placed onto MHA plates made up of autoclaved MHA media. These 
plates were then incubated overnight at 28±2 °C and the zone of inhibition around the discs 
was measured. The large zones of inhibition around each disc indicated susceptibility of 
microbe toward synthesized samples while small zones or no zones of inhibition indicated 
resistive microbes. Minimum inhibitory concentrations (MIC) and minimum bactericidal 
concentration (MBC) of synthesized samples has been studied against B.subtilis (gram+ve) 
and E.coli (gram-ve) microbes. The details of the antimicrobial measurements of the 
nanostructured materials over B.subtilis (gram+ve) and E.coli (gram-ve) microbes have 
been well described in the experimental section of the corresponding chapter. 
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Synthesis, characterization and antimicrobial 
activities of well dispersed ultra-long cadmium 
oxide nanowires 



CHAPTER - 3 



In this chapter, a simple, efficient and low cost method for preparation of 
well dispersed ultra-long (lum) cadmium oxide (CdO) nanowires has been 
presented. The CdO nanowires were characterized by X-ray diffraction 
(XRD), transmission electron microscopy (TEM), ultraviolet-visible (UV- 
VIS) and Raman spectroscopic measurements. The values of direct and 
indirect optical band gap were calculated to be 3.5 eV and 2.6 eV, 
respectively. In the Raman spectra, only second order features were 
observed. The antimicrobial activities of synthesized CdO nanowires were 
investigated against both, B.subtilis and E.coli microbes. It has been found 
that the CdO nanowires exhibit antimicrobial activity against both, B.subtilis 
and E.coli microbes. However, the strength of antimicrobial activity of 
nanowires was found to be better against B.subtilis than that of E.coli 
microbes. 
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3.1 Introduction 

Over the past two decades, the controlled growth of one dimensional nanostructure such 
as, nanowires, nanorods, nanotubes and nanobelts have been the subject of intense research 
due to their novel size and shape dependent physical and chemical properties [1, 2]. The 
size and shape dependent properties of the materials are expected to play critical role in the 
development of new electronic, optoelectronic and biotechnological devices [1-3]. There 
has been increasing interest in developing simple synthesis methods and investigating the 
size and shape dependent properties of oxide based semiconductor materials such as; CeC>2 
[4], CdO [5], ZnO [6] and SnC>2 [7]. Recently, CdO nanostructure has attracted immense 
research interest due its application in solar cells [8] flat-panel display [9] and developing 
sensing devices [10]. It is an important n-type semiconductor with a direct band gap of 2.3 
eV and an indirect band gap of 1.36 eV [11]. One dimensional CdO nanostructures have 
been synthesized and well studied by various research group [12-13]. However, in the 
reported studies, the synthesis methods were involved many steps and also these methods 
did not yield well dispersed ultra-long nanowires. Thus, a combined report on synthesis, 
optical studies and antimicrobial activities of well dispersed CdO nanowires on B.subtilis 
and E.coli microbes is still lacking in the literature. 

Here, a simple, low cost and template free method for the preparation of ultra-long 
CdO nanowires. XRD, TEM and Raman spectroscopy measurements were used to 
characterize the synthesized product. The band gap of synthesized product was determined 
using UV-VIS spectroscopy measurements and their antimicrobial activities against 
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B.subtilis (gram positive) and E.coli (gram negative) microbes were also investigated. 
3.2 Experimental Techniques 
3.2.1 Synthesis 

CdO nanowires have been synthesized at room temperature by simple and low cost 
chemical method using Cd(CH3COO)2 ■ 2H2O and ammonia solution 25% (0.91) as 
starting materials. The synthesis method reported in the present study is relatively simple 
than that of reported in the earlier studies [13-14]. All chemicals were used without further 
purification. For the synthesis of CdO nanowires, the appropriate amount of 
Cd(CH3COO)2 ■ 2H2O (0.5 M) as solute, 100 mL distilled water as solvent and ammonia 
solution was taken. Cd(CH3COO)2 ■ 2H2O was dissolved in distilled water under gently 
stirring for half an hour with a Teflon-coated magnetic bar and then ammonia solution was 
added to above solution drop wise until desired pH is reached with constant stirring for 
another few hours. The white precipitate of Cd(OH)2 after hydrolysis was formed inside 
the solution and it was kept overnight without stirring. Next day, the solution was filtered 
with Whatman filter paper of 125 mm and washed 5-6 times with distilled water. The 
obtained precipitate was dried at 60 °C overnight. The resulting powder after grinding was 
calcined at 400 °C for 2 hours. After calcination, the obtained powder was turned into 
reddish brown color, which confirms the formation of final product. The CdO structure 
may be formed according to following reaction: 

Cd(CH 3 COO) 2 • 2H 2 0 + 2NH 4 OH -> Cd(OH) 2 + 2H 2 0 + 2CH 3 COONH 4 

During calcination at 400 °C, the prepared powder samples lose H2O molecules according 
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to the following equation: 
Cd(OH) 2 -> CdO + H 2 0 
3.2.2 Characterization 

The crystalline features of the synthesized products have been probed by powder XRD 
using Rigaku Smart Lab X-ray diffractometer with CuKa radiation (k = 1.54 A). The 
detailed structure of the products was further investigated through TEM (TEM, Tecnai 
G20 S-Twin) consisting of a tungsten filament. UV-VIS spectrum of the product dispersed 
in ethanol was recorded in the spectral range of 200-800 nm using PerkinElmer 
(Lambda35) UV-VIS spectrometer. Room temperature Raman spectrum was recorded in 
the spectral range of 200-1300 cm" 1 (Renishaw invia Raman spectrometer). The samples 
were illuminated by 514 nm wavelength using the Argon-ion laser. In addition, 
antimicrobial activity of the synthesized samples was studied using Modified Bauer-Kirby 
disc diffusion method. 
3.3 Results and Discussion 
3.3.1 XRD and TEM 

As synthesized powder samples was characterized by powder X-ray diffractometer. The 
measurements were carried out with Cu Ka (k = 1.54 A) incident radiation. Fig. 3.1a 
shows the XRD pattern of the synthesized product. The diffraction peaks observed at 20 
values match nicely with the reference patterns of (JCPDS File No. 73-2245) (1 1 1), (200), 
(220), (311) and (222) planes corresponding to cubic structure of CdO. It is clearly seen 
from Fig. 3.1a that all diffraction peaks correspond to cubic structure of CdO and no any 
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other peaks related to the impurities were detected, which further confirms that the 
synthesis procedure adopted in the present study yields impurity free CdO. The (111) peak 
(20 = 32.98°) has highest intensity. This indicates that the CdO structure is grown in the 
(111) preferred direction. The lattice parameters were calculated using matched hkl values 
and the value of 'a' was calculated to be a = 4.69 A, which is in good agreement with the 
value reported in earlier study [5]. In order to determine the shape and size, the synthesized 
CdO powder samples was further investigated using TEM. Fig. 3.1b-d shows the TEM 
micrographs of CdO powder sample taken at different magnifications. The Fig. 3.1b 
clearly shows well dispersed wire type of structure of average length ~ 1 um and width ~ 
15 nm. The TEM images taken at higher magnification are shown in Fig. 3.1c and 3. Id. It 
clearly reveals that the nanowires are straight with smooth surfaces. 
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Fig. 3.1 XRD pattern of (a) CdO nanowires (b-e) TEM micrographs of CdO nanowires 
taken at different magnifications. 
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3.3.2 UV-VIS spectroscopy 

The UV-VIS absorption spectroscopy is a useful characterization technique to analyze and 
determine the value of optical band gap. UV-VIS absorption spectrum recorded for 
spectral range 200-800 nm of as synthesized CdO nanowires is shown in Fig. 3.2a. The 
absorption spectrum shows two absorption bands - 350 and ~ 463 nm. The absorption 
between 250 and 350 nm may be due the ligand-to-metal charge-transfer transitions and 

2_|_ 

less contribution comes from the Cd ligand field transitions. However, the absorption 
occurs between 400-600 nm is assigned to the pair excitation process 6A1 + 6A1 — > 4T1 + 
4T1 and partly overlapping the contributions of the ligand field transitions [15]. Further, it 
may also be due to the fact that in case of nanostructures, the size and shape causes to 
increase the surface to volume ratio, which ultimately create states at different energies in 
the forbidden gap and thereby it allow some finite transition probabilities from these 
developed states [16]. The UV-VIS data are used to estimate the optical band gap of CdO 
nanowires. In order to calculate the band gap from observed absorption spectrum, we have 
plotted (ahv) vs. hv and the curve thus obtained is shown in Fig. 3.2b. The value of band 
gap is calculated by extrapolating the linear part up to zero on energy axis, which provides 
the value of direct band gap. The extrapolated line intercepts to energy axis at 3.5 eV. 
Thus, the value of direct band gap is found to be 3.5 eV. This value is almost ~ 1.3 eV 
larger compared to their value in bulk form [11] and ~ 1 eV larger compared to the 
reported value for the spherical nanoparticles [17]. The enhanced value of direct band gap 
may be due to the change in shape, which account for shifting of delocalized band. Further, 
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we also plotted (ahv) vs. hv and the curve thus obtained is shown in Fig. 3.2c. It provides 
the value of band gap corresponding to indirect transition. The value of band gap is 
calculated by extrapolating the linear portion of curve until it intercepts to energy axis. The 
value of indirect band gap is found to be 2.6 eV. Thus, the values of direct and indirect 
optical band gap of CdO nanowires were found to be 3.5 and 2.6 eV, respectively. 
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Fig. 3.2 (a) UV-VIS absorption spectrum of synthesized CdO nanowires (b) (ahv) 2 and vs. 

1/2 

hv plot (c) (ahv) vs. hv plot. 
3.3.3 Raman spectroscopy 

Raman scattering is very sensitive and valuable tool for the investigation and 
characterization of nanostructures. The Raman spectrum of CdO nanowires was recorded 
in the spectral range 200-1300 cm" 1 and shown in Fig. 3.3. The Raman spectrum shows 
three peaks at ~ 290, -392 and a broad weak band at 938 cm" 1 . It is reported that only 
second-order Raman scattering is expected to appear in CdO [9]. The Raman peaks at 
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~ 290 and - 392 cm" are assigned to a 2TA(L) and 2LA(L) Raman scattered peak [9]. In 
order to assign the Raman features of CdO nanostructure, Cusco et al. [9] have performed 
a lattice dynamics study and they reported that the Raman peak appeared at ~ 392 cm" 1 
may be due to presence of high two phonons density of states in the spectral range 300-450 
cm" 1 and it may probably arise from 2LA overtones at different high symmetry points of 
the Brillouin zone. According to the selection rule, both TO and LO modes are dipole 
forbidden and therefore all features in the spectrum can be attributed to second-order 
Raman scattering process in CdO nanostructures. 
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Fig. 3.3 Raman spectrum of CdO nanowires recorded for the spectral range 200-1300 cm" 1 . 
3.3.4 Antimicrobial activity 

Nanostructures have high surface to volume ratio and reactive facets. Its nano size is 
responsible for generating reactive oxygen species, damage to the microbial or cell 
membrane lipids and damage to the DNA, which ultimately leads to death to the microbes 
or cell. Microbial culture of 106 colony forming unit (CFU) for analysis was fresh 
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prepared from stock solution. Microbes were inoculated in sterilized and autoclaved Muller 
Hinton Broth (MHB) to the conditions mentioned on the box. Further, 15 gm of MHB was 
dissolved in 1000 ml flask containing 500 ml of distilled water of pH 7.0 and incubated for 
24 hours at 28±2 °C in an incubator shaker at 120 rpm. Plates were prepared from Muller 
Hinton Agar (MHA) to check the antimicrobial activity of filter paper disc coated with 
solution of CdO nanowires. Discs were 8 mm in size and made from sterilized filter paper. 
Modified Bauer-Kirby disc diffusion method was followed to study antimicrobial activity 
of CdO nanowires. Discs used were made up of sterilized filter paper and had a diameter of 
8 mm. These discs were then impregnated with 20 [d CdO nanowires solution and placed 
onto MHA plates made up of autoclaved MHA media and had bacteria swabbed (100 jal). 
These plates were then incubated overnight at 28±2 °C and the zone of inhibition around 
each disc was measured. Large zone of inhibition around each disc indicated susceptibility 
of microbe toward CdO nanowires while small zones or no zones of inhibition indicated 
resistive microbes. Minimum inhibitory concentrations (MIC) and Minimum bactericidal 
concentration (MBC) of CdO nanowires has been studied against B.subtilis (gram+ve) and 
E.coli (gram-ve), as shown in Fig. 3.4a and 3.4b, respectively. Very recently Hossain et al. 
[18] had reported the toxicological behavior of synthesized CdO nanoparticles (NPs) on E. 
coli. They found that that the CdO nanoparticles have antibacterial activity against E. coli. 
In the study, the complete growth inhibitory concentration was found to be 40(a,g/ml. In 
another report [19], the antibacterial activity and acting mechanism of silver nanoparticles 
(SNPs) on E. coli ATCC 8739 were investigated. In the study, it was observed that the 10 
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(j-g/ml silver nanoparticles could completely inhibit the growth of 107 cfu/ml E. coli cells 
in liquid Mueller Hinton medium. Further, the silver nanoparticles were found to damage 
the structure of bacterial cell membrane and depress the activity of some membranous 
enzymes, which cause E. coli bacteria to die eventually. In another interesting report [20], 
the antibacterial activity of CuO nanoparticles was investigated against two gram positive 
and two gram negative bacteria such as; E. coli, B. subtilis, P. aeruginosa, and S. auereus. 
The antimicrobial activity of 20 nm CuO nanoparticles was found to be more pronounced 
against B. subtilis microbe. However, in the present report we tried explore the 
antimicrobial activity of CdO nanowires against B. subtilis (gram positive) and E.coli 
(gram negative) microbes. The complete growth inhibitory concentration against E.coli 
(gram negative) microbe was found to be 20 (a,g/ml. Further, we also observed that the CdO 
nanowires have strong antimicrobial effect against B. subtilis (gram+ve) than that of E.coli 
(gram-ve) microbes. 




Fig. 3.4 Pictures of antimicrobial activity of CdO nanowires against (a) B. subtilis 
(gram+ve) (b) E.coli (gram-ve). 
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3.4 Conclusion 

Ultra-long CdO nanowires have been synthesized by a simple, efficient and low cost 
chemical method. The obtained product is almost impurity free and well dispersed as 
confirmed by XRD and TEM measurements respectively. UV-VIS absorption spectrum 
shows absorption peaks at ~ 350 nm and ~ 463 nm. The values of direct and indirect band 

2 1/2 

gap were calculated by plotting (ahv) vs. hv and (ahv) vs. hv curves, respectively. The 
Raman spectrum of CdO nanowires revealed second order Raman scattering. The 
antimicrobial activities of CdO nanowires are found to be better against B.subtilis (gram 
+ve) than that of E.coli (gram-ve) microbes. Moreover, it can be expected that this 
approach could be further extended to prepare other metal oxide nanowires. 
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Synthesis and Raman signature for the 
formation of cadmium oxide/manganese oxide 
(core/shell) nanostructures 



In this chapter, pure cadmium oxide (CdO) and cadmium oxide/manganese 
oxide (CdO/MnOi) core/shell nanostructures of various cores and different 
shell sizes were synthesized using co-precipitation method. The phase, size, 
shape and structural details of the pure CdO and CdO/MnC>2 (core/shell) 
nanostructures were investigated by X-ray diffraction (XRD), transmission 
electron microscopy (TEM), and Raman spectroscopy (RS) measurements. 
TEM micrographs confirm the formation of core/shell nanostructures. The 
presence of CdO (core) and Mn02 (shell) crystal phase was determined by 
analyzing the Raman spectra of pure CdO and CdO/Mn02 (core/shell) 
nanostructures. The disappearance of characteristics Raman bands of CdO 
crystal phase and the appearance of characteristics Raman bands 
corresponding to Mn02 phase for the nanostructures of shell size 5.3 ± lnm 
authenticate the presence of CdO nanostructures as core and Mn02 
nanostructures as shell in the core/shell nanostructures. 




Journal of Raman Spectroscopy, 2014, 45, 71 7. 
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4.1 Introduction 

Cadmium oxide (CdO) is an n-type semiconductor having rocksalt structure with strongly 
ionic character. Recently, it has attracted great attention of the worldwide scientists 
because of its applications in various fields such as; solar cells and flat-panel displays. It 
has an indirect band gap of 1.2 eV and a direct gap of 2.3 eV [1] corresponding to S3 - Ti 
and Ti5 - Ti optical transitions, respectively. Very recently, the band gap energy and the 
band-edge effective mass values of CdO were reported to be 2.16 ± 0.02 eV and (0.21 ± 
0.01) mo, respectively, using optical measurements [1]. 

Recently, low dimensional materials have been a subject of significant research 
interest for the scientists due to its unique size and shape dependent physical and chemical 
properties. Because of the unique size and shape dependent properties, the low- 
dimensional materials have numerous device based applications. By reducing the size of 
nanostructures, unusual transport, structural, and optical properties may be obtained. These 
properties are largely due to the size dependent quantum confinement effects and 
additional surface electron states. Quantum confinement is much stronger in core/shell 
nanostructures and/or quantum wells, since the thickness of active layers is comparable 
with the mean free path of the charge carriers [2]. 

Raman spectroscopy has been proven to be a non destructive and powerful 
technique to study the molecular and crystal lattice vibrations. Recently, it has also been 
used to study nanomaterials because it is very sensitive to the structure and symmetry of 
the systems. The Raman spectroscopy has been widely used for studying the phonon 
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confinement, strain and substitutional effects, porosity, and non-stoichiometry in 
nanomaterials of different shapes and sizes [2-3]. The Raman measurements of any sample 
contain the scientific information about the sample in terms of Raman bands. The 
parameters of the Raman bands such as peak position, line width and intensities provide 
the information about the composition, chemical environment, and crystalline/amorphous 
along with the confinement details of phonons in nanostructured materials [3]. Due to large 
surface to volume ratio of the nanoparticles, the states of the surface atoms play an 
important role in determining the properties of nanostructured materials. It has also been 
observed that if the size of nanoparticles becomes very small, then only surface mode 
persists in the system. Surface optical phonon-based Raman spectra were observed in the 
spectral range of 545-565 cm" 1 for metal semiconductor Zn/ZnO (core/shell) structured 
nanomaterials [4]. Baranov et al. [5] have found a very weak surface optical phonon mode, 
which shifts toward red with the increase of shell thickness of CdSe/ZnS (core/shell) 
quantum dots. Ashrafi et al. [2] proposed a simple method to grow and detect the wurtzite 
CdO nano layer on a very thin film of ZnO layer using Raman spectroscopy. According to 
Raman selection rules, the wurtzite nanophase is Raman active where thermodynamically 
preferred rocksalt phase is inactive. In the study, Raman signature of the wurtzite 
nanophase was identified using Raman measurements. 

Cadmium oxide belongs to the class of rocksalt structure in which first order 
Raman modes are forbidden. Schaack and Uhle [1] had performed Raman measurements 
on polycrystalline CdO samples having different electron densities, and two first order 
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Raman bands were observed at ~ 404 and ~ 354 cm" . The second order bands peaking at ~ 
970 and ~ 780 cm" 1 were described in terms of 2LO and 2TO Raman process. However, 
the assignment of second order modes was not done on the basis of phonon dispersion 
curves of CdO. In order to explain the origin of the first order and second order Raman 
bands in CdO, Cusco et al. [6] had performed Raman scattering measurements on high 
quality CdO thin films grown by metal-organic vapor-phase epitaxy on substrates, and the 
Raman bands were assigned on the basis of phonon dispersion curve of CdO obtained by 
the ab-initio calculation. They found two main features at ~ 265 and ~ 390 cm" 1 . The mode 
at ~ 265cm" 1 is assigned to 2TA(L), and the broad feature at ~ 390 cm" 1 has appeared due 
to the presence of two-phonon density of state in the spectral region 300-450 cm" 1 . Based 
on the confinement of phonon in nanomaterials, which eventually causes to relax q = 0 
selection rule, to the best of our knowledge, the Raman spectroscopic study of 
nanostructured CdO is still lacking in the literature. 

Mainly, two approaches have been used to understand and predict the Raman 
signature of the materials: (i) the molecular description and (ii) the phonon description. 
The band structure of the material is a function of size and shape and therefore, overall 
phonon behavior of the nanomaterials also got modified because of the confinement of 
phonons between the grain boundaries [7-9]. The size and shape dependent Raman features 
of different materials have been explained using two models: (i) phonon confinement 
model (PCM), which projects Raman 'inactive' bulk modes onto the Brillouin zone (BZ) 
center, and (ii) elastic sphere model, which describes the free oscillations of isolated 
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spheres. The PCM cannot be applied to the acoustic modes because their energy is zero at 
BZ center and it is very rarely used for the transverse optical (TO) phonon modes on 
account of their low dispersion. It is almost exclusively applied to the longitudinal optical 
(LO) phonon modes. In case of low dimensional materials, in addition to the TO phonon at 
K = 0, the LO phonon, away from K = 0 point, also participates in the Raman scattering 
process, leading to asymmetric Raman feature towards low frequency side. Besides, the 
dipoles generated in polar semiconductors by vibration of optical phonon it also generates 
electromagnetic fields. As a result, it also may interact with electrons (polarons) or 
electron-hole pairs (excitons). 

Frohlich interaction is weak in single crystals but leads to strong resonance of the 
LO and surface optical (SO) phonon modes in confined semiconductors; quantum dots, 
wires, and superlattices. The use of bulk dispersion curve is questionable when the particle 
size is very small. An alternative way to consider the vibrations as ensuing from a 
disturbed infinite crystal (what the PCM does) is to be adopted for principle description of 
vibrations in a free sphere. In long-range ordered solids, the bandwidth is much smaller, 
and the peak intensity is highly determined by structural symmetry and polarization 
effects. Raman scattering probes the chemical bond and its neighbor, 0.5-10 nm, typically 
and is thus well suited to analyze disordered materials. The band intensity is the best 
measure of the structure distortion of an ideal cubic lattice. In nanostructures, the 
segregation of the vacancies that led to short/medium-range order and even to long-range 
order is well studied by X-ray diffuse scattering and diffraction measurements, 
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respectively. The lattice modification in the nanostructured materials, which produced 
short-range and long-range interactions, can also be studied using Raman spectroscopy 
techniques. The ideal perovskite structure is cubic, and according to symmetry rules, no 
Raman activity is detected for this symmetry [7-9]. However, if many perovskites structure 
exhibit a (mean) cubic structure from the XRD point of view, the Raman activity is clearly 
observed. The bandwidth of the Raman band is generally much larger because of the short- 
range/orientational disorder in the material due to B substitution and oxygen vacancies. 
Actually, the band intensity is the best measure of the structure distortion of an ideal cubic 
lattice [7-9]. Further, the nanomaterials of desired physical and chemical properties can be 
achieved by controlling the size of core and shell in core/shell nanostructures. The 
core/shell nanostructures have attracted enormous amount of interest because of their 
unique optical, magnetic, and catalytic properties [2]. The binary CdO/Mn02 
nanostructures are very promising for applications in light emitting diode, electrochemical 
and magnetic properties [10, 11]. MnC>2 is one of the most attractive materials because of 
its ion exchange and catalytic behavior. It is widely used as catalysts [10] and electrode 
materials in Li/MnC>2 batteries [11] because of its energetic compatibility in a reversible 
lithium electrochemical system. 

Here, a simple and low-cost method to synthesize pure CdO and CdO/MnC>2 
(core/shell) nanostructures with different core (CdO) and shell (MnC>2) sizes has been 
presented. XRD and TEM measurements were carried out to study the structural and 
size/shape details of the synthesized samples. The evolution of phonon modes in 
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nanostructured CdO and CdO/MnC>2 (core/shell) nanostructures with different core/shell 
sizes has been investigated using Raman spectroscopic measurements. 
4.2 Experimental Techniques 
4.2.1 Synthesis 

Pure CdO and CdO/MnC>2 (core/shell) nanostructures were synthesized at room 
temperature using a very simple and low-cost chemical method. For synthesizing desired 
nanostructures, Cd(CH 3 COO) 2 .2H 2 0, Mn(CH 3 COO) 2 .4H 2 0, and ammonia solution 25% 
(0.91gm/cc ) chemicals have been procured from Sigma Aldrich and used as starting 
chemicals. All chemicals were used without further purification. In order to synthesize 
CdO/Mn0 2 (core/shell) nanostructure, firstly, pure CdO nanostructure is synthesized and 
thereby mixing an appropriate amount of Mn(CH3COO) 2 .4H 2 0 in the final solution, the 
desired product was obtained. For the synthesis of CdO nanostructures, 13.32 gm of 
Cd(CH3COO) 2 .2H 2 0 was dissolved in distilled water for making 0.5M solution, and 
mixed solution is stirred for 30 min. During the stirring, ammonia solution was added drop 
wise into the mixed solution until the pH value is reached to 9.0. While adding the 
ammonia, a white precipitate was formed at the bottom of the solution. The stirring of the 
solution was continued for another 2 h. The white precipitate was finally settled down in 5 
h. Thereafter, the solution was filtered and washed repeatedly with distilled water to 
remove unreacted materials. The obtained solid material was dried at -100 °C and grinded 
to make a resulting powder. The grinded powder was calcined at 400 °C for 2 h to obtain 
the final product. 
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In order to synthesize CdO/MnC>2 nanostructures for different core and shell sizes, 0.1225 
gm (x = 0.01), 0.3675gm (x = 0.03), 0.6125 gm (x = 0.05), and 0.8575 gm (x = 0.07) of 
Mn(CH 3 COO) 2 .4H 2 0 were mixed to 0.5M aqueous solution of Cd(CH 3 COO) 2 .2H 2 0. 
Further, the mixed solution is kept for stirring for 50 min, and ammonia solution is added 
drop wise during the stirring until the pH value is reached to 9.0. Subsequently, the 
solution at a fixed pH value (9.0) is kept for stirring for another 2.5 h. While stirring, a 
brown precipitate is formed. The rest of the process was kept same, as we have done for 
the synthesis of CdO nanostructures. The size of core and shell varies by changing the 
value of x. The stoichiometric ratios are in agreement with the size of core and shell of the 
synthesized (core/shell) nanostructures. The size of shell is increased with increasing the 
Mn concentration. 
4.2.2 Characterization 

The structural/crystalline phase analysis of the synthesized samples was carried out by 
Rigaku Smart Lab X-ray diffractometer equipped with a copper target and nickel filter. For 
the XRD measurements, the X-ray of wavelength 1.54 A of CuKa operated at 30 kV and 
30 mA was used. The structural details of the synthesized samples were further 
investigated through TEM measurements. Samples for transmission electron microscopy 
were deposited onto 300 mesh copper TEM grids coated with 50-nm carbon films. The 
samples were suspended in water and directly added drop wise to the grid. The excess 
amount of water was allowed to evaporate in air. The grids were examined with a Tecnai 
G20 S-Twin 2010 microscope with ultra high resolution microscope using a LaB6 filament 
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operated at 200 KeV. The Raman spectra of the synthesized samples were recorded at 
room temperature using a micro-Raman setup of Renishaw, UK, equipped with a grating 
of 2400 lines/mm and a Peltier cooled charge coupled device (CCD). The GRAM-32 
software was used for data collection. The accumulation time for one window was selected 
as 60s, and five spectra were accumulated in each window. In one window, 800 cm" 1 range 
was covered. The resolution of the spectrometer was ~ 1 cm" 1 . A microscope from 
Olympus (Model: MX50 A/T) attached with the spectrometer focused the laser light onto 
the sample and collected the scattered light at 180° scattering geometry. The laser power at 
the sample was 5mW. The 514.5 nm line of Ar + laser was used as an excitation source. The 
Raman spectra were collected in the spectral range of 200-1050 cm" 1 that contained all 
Raman bands. In order to ensure the reproducibility of the Raman spectra, the Raman 
scattered signals were collected from ten different points of the samples, and from each 
point, we obtained almost the same Raman feature. 
4.3 Results and Discussion 
4.3.1 XRD 

The XRD patterns of the synthesized samples are shown in Fig. 4.1. The XRD peaks have 
been indexed on the basis of the data available with the Joint Committee on Powder 
Diffraction Standards (JCPDS) card no. 73-2245. The XRD pattern has five prominent 
peaks corresponding to the cubic structure of CdO. These peaks were indexed as (111), 
(200), (220), (311), and (222) planes. In both, pure CdO and Mn doped CdO samples at x 
= 0.01, 0.03, and 0.05, the peak corresponding to (111) plane is more intense. Here, I 
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would like to note that the additional phases corresponding to Mn or any binary phase are 
not observed in the XRD pattern for any of the synthesized samples. The reduction in 
intensity and broadening of diffraction peaks by increasing Mn content suggest the nano 
crystalline nature of the samples. The average crystallite sizes (D) have been determined 
for the five observed planes in the patterns by applying Scherrer formula. The average 
value of crystallite size was found to be 21.7 nm for pure CdO nanostructures and 13.3, 
12.8, 11.2, and 10.5 nm for Cdi_ x Mn x O (x = 0.01, 0.03, 0.05, and 0.07) nanostructures, 
respectively. 




28 (degree) 

Fig. 4.1 Room temperature powder XRD patterns of Cdi. x Mn x O (x = 0.00, 0.01, 0.03, and 
0.05) nanostructures. 
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4.3.2 TEM 

The pure and Mn doped nanostructures for x = 0.01, 0.03, 0.05, and 0.07 were further 
characterized by TEM measurements. The TEM micrographs of Mn doped CdO 
nanostructures for x = 0.01, 0.03, and 0.07 were presented in Fig. 4.2a-c, respectively. By 
looking at the TEM micrographs, as shown in Fig. 4.2a-c, it is quite interesting to note that 
the synthesized nanostructures have core/shell features with different core and shell sizes at 
each value of doping concentration (x) of Mn. We measured the size of core and shell at 
each value of x. The measured value of size of core and shell in core/shell nanostructures 
for each value of x is presented in Table 4.1. It is quite evident from the data presented in 
Table 4.1 that the size of shell is increased by ~ 4 nm from increasing the value of x from 
0.01 to 0.07, which indicates that the shell of nanostructures may be Mn based crystalline 
phase such as MnO, a-Mn2C>3, P-MnCh, a-MnC>2, and a-Mn3C>4. However, we could not 
observe any evidence of Mn-based crystalline phase, as mentioned earlier in the XRD 
pattern. In order to resolve this issue, we have performed a thorough literature survey for 
finding XRD information related to MnO, Mn 2 C>3, MnC>2, and Mn 3 C>4 phases [12]. By 
going through these articles, we found that Mn0 2 phase has four XRD peaks, and it is very 
interesting to note that the 20 value of these peaks is almost the same as the 20 value of 
XRD peaks of CdO nanostructures reported in the present study; i.e. the XRD patterns of 
nanostructures, Mn02 and CdO almost coincide to each other and made us difficult to 
distinguish the presence of these two phases in the synthesized core/shell nanostructures 
using XRD data. 
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Fig. 4.2 Transmission electron microscopy micrographs of Cdi. x Mn x O nanostructures: (a) 
x = 0.01, (b) x = 0.03, and (c) x = 0.07. 

Table 4.1 Size of core (nm) and shell (nm) of CdO/MnC>2 (core/shell) nanostructures. 





Cdi 


xMn x O 






x = 0 


x = 0.01 


x=0.03 


x = 0.05 


x=0.07 


Core 21±2 


12±2 


9.5±2 


6.5±1 


4.5±1 


Shell 00 


1.3±0.1 


3.3±0.4 


4.5±1 


5.3±1 



4.3.3 Raman spectroscopy 

In order to distinguish the presence of these two phases and also about gaining the 
information of core and shell materials in core/ shell nanostructures, we have carried out 
Raman measurements for pure CdO nanostructures and core/shell nanostructures 
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synthesized at x = 0.01, 0.03, 0.05, and 0.07 using 514.5 nm as the excitation wavelength. 
The Raman spectra of pure CdO nanostructures are recorded for the spectral range of 200- 
1050 cm" 1 . The experimentally recorded Raman spectrum of pure CdO nanostructures 
along with the fitted one is presented in Fig. 4.3a. The Raman spectra of pure CdO 
nanostructures contain one broad intense feature spanning from 200 to 500 cm" 1 and a 
weaker band located at ~ 940 cm" 1 . One can easily notice by looking at the broad feature of 
pure nanostructures that it has asymmetrical feature and it seems that it consists of more 
than one Raman bands. In order to resolve the component Raman bands, the broad Raman 
feature that spanned from 200 to 500 cm" 1 is fitted by Lorentzian functions. We obtained 
the best fit corresponding to the three Raman component bands at 268 ± 1, 305 ± 3, and 
385 ± 3 cm" 1 . In a recent study [5], the authors have observed a similar kind of broad 
feature that spanned from 200 to 450 cm" 1 for CdO. In the study, the authors have 
performed Raman measurements on CdO thin film at low temperature (at 80 K). They 
found that the broad feature is essentially composed of three different bands centered at 
265, 310, and 390 cm" 1 . Thus, in the present study, the peak positions of the three fitted 
components are in good agreement with those observed experimentally by Cusco et al. [5] 
The Raman band centered at 268±1 is assigned to 2TA(L) mode, and the bands at 305 ± 3 
and 385 ± 3 cm" are assigned to 2LA overtones at different high symmetry points of the 
Brillouin zone [5]. The wavenumebr positions and vibrational assignments of these Raman 
bands are given in Table 4.2. 

The Raman spectra of the synthesized core/shell nanostructures of shell sizes 1.3, 
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3.3, 4.5, and 5.3 nm were recorded in the spectral range of 200-1050 cm" 1 and presented in 
Fig. 4.3b. From Fig. 4.3b, one can easily notice that the intensity of broad feature and 2LO 
band (940 cm" 1 ), as we have observed in the Raman spectra of pure CdO nanostructure, is 
decreased gradually with increasing the shell size from 1.3 to 3.3 nm of core/shell 
nanostructures. Further, the two additional bands have also been appeared in the Raman 
spectra of core/shell nanostructures for each shell size compared with the Raman spectra of 
pure CdO nanostructure. To determine the peak positions of the Raman components that 
contributed to the broad feature for each shell size, the obtained Raman peaks at each shell 
size has been fitted using Lorentzian function, and experimental as well as fitted Raman 
spectra for shell sizes 1.3, 3.3, 4.5, and 5.3 nm are given in Fig. 4.3b. The peak positions of 
Raman bands at each shell size of the core/shell nanostructure obtained by fitting along 
with the band assignments are given in Table 4.2. The Raman band at 268 ± 1 cm" 1 
showing a blue shift of 14 cm" 1 upon increase of shell size from zero to 5.3 nm. On the 
other hand, the Raman intensity keeps on decreasing consistently with increasing shell size 
from zero to 5.3 nm. The Raman band at 305 cm" 1 is blue shifted by 5 cm" 1 compared to its 
position in pure CdO nanostructure, and in this case also, the Raman intensity is decreased 
gradually with increase of shell size, and it becomes zero for core/shell nanostructure of 
shell size 4.5 nm. However, the Raman band at 385 cm" 1 is red shifted by 23 cm" 1 with the 
increase of shell size from 0 to 3.3 nm, and the intensity of the band is decreased with the 
increase of shell size, and the Raman band completely disappeared for the core/shell 
nanostructure of shell size 4.5 nm. The Raman band at 940 cm" 1 (2LO) mode is red shifted 
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by 20 cm" 1 with increasing the shell size from 0 to 3.3 nm and disappeared completely in 
case of core/shell nanostructure of shell size 4.5 nm. By the previous discussion, we would 
like to note that the Raman bands of pure CdO nanostructure centered at 305, 385, and 940 
cm" 1 disappeared completely for the core/shell nanostructure of shell size 4.5 nm. It is 
noteworthy to mention that by increasing the doping concentration of Mn from 0.01 to 
0.07, the size of core is decreased from 12 to 6 nm, and the shell size is increased from 1.3 
to 5.3 nm. Moreover, the overall size of the core/shell nanostructure is decreased. The blue 
shifting of Raman bands with increasing the shell size from zeo to 4.5 nm may be 
explained in terms of confinement effect in heterostructures, which induces a broadening 
and blue shift in Raman bands due to biaxial strain [2]. The disappearance of Raman bands 
for the core/shell nanostructure of shell size 4.5 nm indicates that CdO nanostructure is 
completely surrounded by the shell of sufficient thickness (~ 4.5 nm), which does not 
allow optical phonon of CdO (core) to participate in the Raman scattering process. Thus, 
the Raman features that has been observed in the Raman spectra of core/shell 
nanostructures of shell size more than 4.5 nm are basically belonging to Raman scattering 
from optical phonon of the shell (Mn02) only. In view of the previous results and 
discussion on the Raman spectra of core/shell nanostructures, one can conclude that the 
CdO is situated at the core of core/shell nanostructures. 

In the Raman spectra of core/shell nanostructures, two new Raman bands were 
observed at ~ 451 and ~ 665 cm" 1 for shell size 1.3 nm compared to Raman bands observed 
for pure CdO nanostructures. Interestingly, the intensity of these additional Raman bands 
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is enhanced consistently with increasing the size of shell from 1.3 to 5.3 nm and these 
bands attain maximum intensity for the shell of size 5.3 nm. The enhancement in intensity 
of these bands with increasing shell size indicates that the shell could be composed of Mn 
based crystalline phases such as MnO, Mn2C>3, MnC>2, and Mn3C>4. Now, the question is 
how to determine that which Mn based crystalline phase is present as shell in core/shell 
nanostructures. The answer of this question could be addressed by assigning the two 
additional Raman bands peaking at ~ 451 and ~ 665 cm" 1 . In order to assign these bands, 
we looked into earlier reported studies on Mn based oxides nanostructures [13-17]. 
Buciman et al. [14] had studied different crystalline phases of manganese oxide by Raman, 
Fourier transform infrared (FTIR), and XRD measurements. They observed two 
characteristics Raman bands at ~ 530 and ~ 665 cm" 1 for MnC>2. Julien et al. [16] had also 
performed Raman spectroscopic measurements on different manganese oxide samples; 
they also found two characteristics Raman bands at ~ 538 and ~ 665 cm" 1 corresponding to 
MnC>2. In another study, [17] the characteristics Raman features for MnC>2 are reported to 
be ~ 486 and ~ 665 cm" 1 . In all these studies, the Raman bands centered at ~ 665 cm" 1 is 
the same as we have observed in the present study. We could assign the Raman bands at ~ 
451 and ~ 665 cm" 1 as deformation of Mn-O-Mn and Mn-0 stretching modes of Mn02. It 
confirms that the shell of core/shell nanostructures is composed of MnC>2 nanostructures. 
Thus, in the present study, we have used Raman spectroscopy as an important 
characterizing tool to confirm the formation of CdO/MnC>2 (core/shell) nanostructures, 
which we could not confirm by XRD data. 
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Fig. 4.3 (a) Room temperature experimental (solid line) and fitted (dotted line) Raman 
spectra of Cdi_ x Mn x O (x = 0.00) nanostructures recorded in the spectral range of 200-1050 
cm" 1 , (b) Fitted as well as recorded room temperature Raman spectra CdO/MnCb 
(core/shell) nanostructures of shell sizes 1.3, 3.3, 4.5 and 5.3nm in the spectral range of 
200-1050 cm" 1 . 
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Table 4.2 The peak positions (cm -1 ) of Raman bands for pure CdO (x=0) nanostructures 
and CdO/MnC>2 (core/shell) nanostructures of shell size (1.3, 3.3, 4.5, and 5.3 nm). 







Cd lx Mn x O 




Assignments Ref.5, 14 


x = 0 


x = 0.01 


x = 0.03 x = 0.05 


x = 0.07 






268±1 


270±1 


272±1 380±1 


282±1 


2TA (L) (CdO) 


265 


305±3 


307±2 


310±1 




2 LA (CdO) 


300 


385±3 


369±3 


362±3 




2LA(CdO) 


390 




452±2 


455±2 465±2 


480±2 


Deformation of 
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Mn-O-Mn (Mn0 2 ) 




665 


658 658 


653 


Mn-0 stretching 


665 


940 


927 


920 




2LO (CdO) 


940 



4.4 Conclusion 

In the present study, CdO/Mn02 (core/shell) nanostructures have been synthesized by a 
simple and low cost chemical synthesis method. TEM micrographs confirm the formation 
of core/shell nanostructures, but by analyzing XRD spectra, it is very difficult to confirm 
the dual phase of CdO/Mn02- It is due to the fact that peak positions of the XRD peak of 
CdO and M11O2 almost coincide to each other. To resolve this problem, we have performed 
Raman spectroscopy measurements of the synthesized samples. The appearance and 
disappearance of characteristics Raman bands corresponding to M11O2 and CdO phases in 
the Raman spectra of synthesized samples confirmed the formation of CdO/Mn02 
(core/shell) nanostructures. The presence of M11O2 crystalline phase as shell in core/shell 
nanostructures is confirmed by the enhancement in intensity of Raman bands centered at ~ 
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451 and ~ 665 cm" 1 with increasing the shell size from 1.3 to 5.3 nm. The Raman bands at 
451 and 665 cm" 1 are assigned to the deformation of Mn-O-Mn and Mn-0 stretching 
modes of MnC>2. 
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Controlled synthesis and magnetic properties 
of monodispersed cerium oxide nanoparticles 



In this chapter, monodispersed cerium oxide (Ce02) nanoparticles (NPs) of 
size 8.5 ± 1.0, 11.4 ± 1.0 and 15.4 ±1.0 nm were synthesized using the sol- 
gel method. Size dependent structural, optical and magnetic properties of as 
prepared samples were investigated by X-ray diffraction (XRD), scanning 
electron microscope (SEM), transmission electron microscope (TEM), 
ultraviolet-visible (UV-VIS) spectroscopy, Raman spectroscopy (RS) and 
vibrating sample magnetometer (VSM) measurements. The decrease in the 
value of optical band gap with increase of particle size may be attributed to 
the quantum confinement, which causes to produce localized states created 
by the oxygen vacancies due to the conversion of Ce 4+ ions into Ce 3+ ions at 
higher calcination temperature. The shift in the Raman peak could be due to 
lattice strain developed due to variation in particle size. Weak 
ferromagnetism at room temperature is observed for each particle size. The 
increase of saturation magnetization (Ms) and remanent magnetization (Mr) 
for larger particle size may be explained in terms of increased density of 
oxygen vacancies at higher calcination temperature. 




AIP Advances, 2015, 5, 027109. 
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5.1 Introduction 

Nanostructured materials having a size of less than 100 nm, at least in one dimension, 
exhibit extraordinary optical, magnetic, electrical, thermal, and mechanical properties 
compared to the bulk material. Owing to the unique size and shape dependent physical and 
chemical properties, nanostructured materials have attracted considerable attention to the 
scientific community. The band gap of materials can be engineered by changing the shape 
and size to adapt the material for different technological applications. The large surface-to- 
volume ratio of nanostructures provides novel approach for developing a new generation of 
functional and smart materials, which opening up the opportunity to start a new era in the 
field of science and technology [1]. 

Cerium oxide (CeCb), commonly known as ceria has a cubic structure. It is one of 
the most important oxides of the member of rare earth. In general, cerium forms two 
different types of oxide materials that are cerium (III) oxide, Ce2C>3, called cerous and 
cerium (IV) oxide, CeC>2, called eerie [2-3]. Structurally, Ce02 is found to be more stable 
than Ce2C>3. In the previous studies [2-3], it has been observed experimentally that both of 
these oxidation states (Ce 4+ and Ce 3+ ) of Ce strongly absorb ultraviolet light. The 
absorption peak in the spectral range 230-260 nm corresponds to Ce2C>3 while CeC>2 
absorbs the light in the spectral range 300-400 nm [2-3]. In the last few years, 
nanostructured CeCb in powder form has been broadly studied [4-6]. Additionally, CeC^ 
nanomaterials have attracted wide interest to the research community due to their potential 
applications in various fields such as ultra violet filter and blocker [7-8], luminescent 
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material [9], polishing material [10], skin cancer treatment [11], solar cell [12], catalytic 
material [13], oxygen storage capacitor [14] and oxygen sensor [15]. 

In recent decade, diluted magnetic semiconductor (DMS) has attracted great 
attention from the worldwide scientists to investigate origin of ferromagnetism and its size 
dependence. Several efforts have been made to find out new kinds of magnetic 
nanostructures which can exhibit both, magnetic and semiconducting properties [16]. The 
ferromagnetic materials rich with semiconducting properties remove the difficulties 
associated with the injection of spins into nonmagnetic semiconductors [17]. Nowadays, 
diluted magnetic oxide (DMO) compounds are very famous for developing spintronics 
devices due to their unique property of utilizing electron spin in addition to charge for 
creating new functional materials beyond conventional semiconductors [18]. Such study to 
develop new material with room temperature ferromagnetism along with the 
semiconducting properties is very useful to engineer and design new spintronics devices 
like magnetic sensors, spin light emitting diodes, spin valves and ultra-fast optical switches 
[19]. Ce02 is a chemically stable oxide with capacity to store or release oxygen due to the 
variation of the oxidation state from Ce 4+ to Ce 3+ . The variation of the oxidation state, 
CeC>2 can form stable oxygen vacancies in the matrix. These oxygen vacancies play an 
important role to produce magnetism in the oxide nanomaterials [20-21]. Coey et. al. [22] 
has suggested that the oxygen vacancies can make a significant contribution to enhance the 
ferromagnetism by changing the band structure of the host oxides. Sundaresan et. al. [17] 
has explained the ferromagnetism in CeC>2 NPs in terms of exchange interactions between 



94 



CHAPTER - 5 



unpaired spins resulting from oxygen vacancies. 

The size and shape dependent magnetic properties of CeC>2 NPs had been widely 
studied by many research group [23-25]. They observed ferromagnetism in pure spherical 
CeC>2 nanocrystals or cubes while bulk CeC>2 shows diamagnetic behavior. Liu et al. [23] 
has studied size dependent ferromagnetism in CeC>2 NPs. In this study, they found that the 
spherical CeC>2 NPs of particle size in the range of 200-500 nm show paramagnetic 
behavior while 5-20 nm size of spherical CeC>2 NPs show ferromagnetic behavior. The 
authors found that the room temperature ferromagnetism (RTFM) was observed only for 
the particle of size 20 nm with Ms value of 0.08 emu/gm. Recently, RTFM with Ms value 
of 0.12 emu/g of CeC>2 NPs prepared by thermal decomposition method has been reported 
[24]. The authors explained the ferromagnetism observed for CeC>2 NPs in terms of an 
increased value of the surface-to-volume ratio as the particle size is decreased and 
consequently the oxygen vacancy at the surface is increased. The oxygen vacancies create 
exchange interactions between the individual spin moments of Ce ions. Ge et al. [25] has 
observed ferromagnetism with an Ms value of 0.0057 emu/g of CeC>2 nanocubes having an 
average size of 5.3 nm. The authors suggest that the oxygen vacancies are mainly 
responsible for the RTFM in CeC>2 nanocubes. In order to use CeC>2 NPs for applications in 
various fields, it is necessary to produce ultrafine CeC>2 NPs with desired shape and size 
with a low degree of agglomeration and monodispersed size distribution. The 
nanocrystalline structure with monodispersed size distribution or low degree of 
agglomeration enhances the performance of the nanostructured materials. 
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In view of the above studies on CeC>2 NPs and their applications in various fields, a 
systematic report on size dependent change in optical and magnetic properties of CeC>2 
NPs is still lacking. Furthermore, in addition to the role of shape and size in modifying the 
optical and magnetic properties of the nanostructured materials, the degree of distribution 
(dispersed nature of nano structures) also affects these properties significantly. Therefore, it 
is thought worthwhile to perform a systematic study on the influence of size and dispersive 
nature on the optical and magnetic properties of CeC>2 NPs. In the present study, well 
dispersed CeC>2 NPs of various sizes have been prepared using a very simple and low cost 
sol-gel method. In order to vary the size of CeC>2 NPs, the sol-gel derived powder is 
calcined at 600°, 700° and 800 °C. The size and shape of the synthesized powder samples 
were determined by analyzing the TEM and XRD data. The optical and magnetic 
properties of the synthesized samples were investigated by UV-VIS spectroscopy, Raman 
spectroscopy and VSM measurements. The author believes that the present study may 
provide a complete understanding of size dependence of both, optical and magnetic 
properties of highly dispersed CeC>2 NPs. 
5.2 Experimental Techniques 
5.2.1 Synthesis 

Cerium ammonium nitrate and ammonium hydroxide were purchased from SRL, India and 
used without further purification. Cerium ammonium nitrate is used as main precursor for 
synthesizing CeC>2 NPs. 2.7 gm of cerium ammonium nitrate was dissolved in 100 ml 
deionized water to make a 0.05 M solution of cerium ammonium nitrate. The mixed 
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solution was kept for magnetic steering for 2 hours. While steering the mixed solution, 5ml 
of 1M ammonium hydroxide was added drop-wise to the solution. After mixing the 
ammonium hydroxide solution, the pH of the solution turned out to be 10. The steering of 
the mixed solution was continued for another 4 hours at 30 °C. The yellow color of cerium 
hydroxide CeC>2 was obtained as precipitate from the final solution. The yellow precipitate 
was washed several times and calcined at 600°, 700° and 800 °C for 8 hours to obtain 
desired size of the synthesized samples. A schematic presentation of the reaction 
mechanism for the formation of different size of CeC>2 NPs has been illustrated in Fig. 5.1. 



Calcianation „ .... 

(NH 4 ) J Ce(NO J ) 6 + 4NH 4 OH + H 2 <) > Cc(OH),OOII + 6<NH 4 )N03+ 2IT 

for2h 

(0.05M) (I M) Velio* precipitate 




C«KOH), 



15.4 * I. II nm 



Fig. 5.1 Schematic representation of experimental process of CeC>2 nanostructures 
synthesized at 600°, 700° and 800°C. 
5.2.2 Characterization 

The synthesized powder samples calcined at 600°, 700° and 800 °C were collected for 
analysis. The structural properties of the calcined samples were characterized by XRD with 
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CuKa radiation (k = 1.54 A u ) in the 26 range of 20 -90 . The XRD data were used to 
determine crystalline phase of the synthesized powder samples. Surface morphology of the 
synthesized product was examined through the field emission scanning electron 
microscope (FE-SEM) SIRIDN 2000. The detailed structural features like shape, size and 
dispersive behavior of the synthesized products were investigated by HR-TEM 
measurements using a TEM, Tecnai G20 S-Twin. The optical characterization of the 
synthesized samples was done using a Raman set-up (Renishaw, UK,) and UV-VIS 
spectroscopic measurements. The UV-VIS absorption spectra of the synthesized samples 
were obtained using PerkinElmer (Lambda35) UV-VIS spectrometer. The Raman 
measurements of the synthesized samples were performed at room temperature in the range 
of 400-500 cm" by using the 514.5 nm laser line of an Ar + ion laser. In order to study the 
magnetic properties of the synthesized samples, the magnetization measurements were 
done using VSM at room temperature. 
5.3 Results and Discussion 
5.3.1 XRD 

The structural analysis of the prepared samples has been carried out based on the XRD 
pattern. The XRD patterns of powder samples calcined at 600° (i), 700° (ii) and 800°C (iii) 
are shown in Fig. 5.2a. These XRD patterns are indexed with the JCPDS card no. 8 1-0792. 
Nine diffraction peaks were observed at 26 values, 28.46°, 33.07°, 47.45°, 56.17°, 59.08°, 
69.43°, 76.52°, 79.10° and 88.44° corresponding to reflections from the (111), (200), (220), 
(311), (222), (400), (331), (420) and (422) planes of the cubic crystalline phase of Ce0 2 . 
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The sharp and strong peaks indicate good crystallization of the samples. No additional 
peaks pointing to impurities were observed, which reveals the high purity of the 
synthesized samples. Here, it is interesting to note that the value of full width at half 
maximum (FWHM) of the most intense XRD peak corresponding to the (111) plane is 
increased with decreasing the calcination temperature. The increase of the FWHM of the 
XRD peak with decreasing calcination temperature is the signature for a formation of 
nano-sized CeC>2 [5]. Furthermore, the variation of the FWHM of the XRD peaks, as 
shown in Fig. 5.2b, with calcination temperature confirms the formation of CeC>2 NPs of 
various sizes. In addition to the change in FWHM with calcination temperature, the XRD 
patterns corresponding to the (111) plane of the samples calcined at 700 °C and 800 °C 
show a down shift in their 20 values compared to the value observed for the sample 
calcined at 600 °C. The peak positions shift to the lower angle side with increasing the 
calcination temperature. It means that the spacing between the lattice planes corresponding 
to the peaks is changed. The increase of the intensities of the XRD peaks with increasing 
temperature from 600°-800 °C indicates an improvement in crystalline quality of the 
synthesized samples. The crystallite sizes (D) have been estimated by applying the 
Scherrer formula: D = 0.9X I (PcosO) where X, [3 and 0 are the X-ray wavelength, FWHM of 
the diffraction peak and the Bragg 's diffraction angle, respectively. The average value of 
crystallite size was calculated to be ~ 9.0, — 11.0 and ~ 15.0 nm for the samples calcined at 
600°, 700° and 800 °C, respectively. The lattice parameters of Ce02 nanostructures 
calcined at 600°, 700° and 800 °C have been calculated using the following relation and the 
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calculated values are presented in Table 5.1. 

d = a/(h 2 +k 2 +l 2 ) 1/2 

here, d is the inter-planer spacing, a is the lattice constant and h, k, 1 are the miller indices 
ofplane(lll). 

The value of lattice constant is decreased with increasing the calcinations 
temperature. It may be due to the fact that as the temperature increases, the Ce 4+ ions 
reduce to Ce ions and create a continuous series of disordered oxygen vacancies in the 
CeC>2 NPs [26]. As the synthesized CeC>2 NPs have cubic fee fluorite structure, in which 
Ce 4+ cations are situated at each corner as well as at the six faces of the cube. Each Ce 4+ 
cation is surrounded by eight O 2 " anions and each 0 2 ~ anion is coordinated with four Ce 4+ 
cations. As temperature increases, the number of O " anions decreases from eight to seven 
and introduces Ce ions into the crystal lattice by creating oxygen vacancies. The ionic 
radius (1.034 A) of Ce 3+ is higher than that of Ce 4+ ion (0.92 A). It leads to distortion of 
the crystal lattice and resulting the change in Ce-0 bond length [27]. Phokha et al. [28] 
reported that the lattice constants are decreased with increasing crystallite size. According 
to them, the introduction of Ce ions into the crystal lattice, which have a higher ionic 
radius (1.034 A) compared with the Ce 4+ ions (0.92 A), causes a reduction of the lattice 
constants. The introduction of Ce ions is also responsible for the lattice distortion by 
introducing a change of the inter-planar spacing with changing particle size, as we have 
observed in the present study. It confirms that the lattice undergoes a strain effect when the 
size is reduced. This is in good agreement with an earlier report [22]. 
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20<de9ree) 26 (degree) 

Fig. 5.2 (a) XRD pattern of CeC>2 nanostructures synthesized at (i) 600°, (ii) 700° and (iii) 
800°C. (b) magnified XRD spectra showing the shifting of (111) plane with increasing 
calcination temperature. 

Table 5.1 Calculated values of particle size, lattice constants and optical band gap of CeC>2 
NPs synthesized at different calcination temperatures. 



Calcination Crystallite Particle Particle size Lattice Optical 
temperature size using size using using constant Band 

( C) XRD(nm) TEM (nm) Raman (nm) (A) Gap (eV) 
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5.3.2 TEM and SEM 

Fig. 5.3a-b shows surface morphology of CeC>2 NPs investigated through FE-SEM 
micrographs. It can be seen that particles consist of spherical grains with size in the range 
of 5-15 nm. The shape and size of the CeC>2 NPs synthesized at different calcination 
temperature were further investigated through TEM micrographs. The TEM micrographs 
of Ce02 NPs calcined at 600° and 800 °C are presented in Fig. 5.3c and 5.3f, respectively. 
By looking at the TEM micrographs, it is quite apparent that the NPs were highly 
dispersed in nature and the shape of NPs was nearly spherical. HR-TEM micrograph [Fig. 
5.3d] of the nanoparticles shows well defined lattice fringes with an interplanar spacing of 
0.32 nm and 0.28 nm which correspond to (111) and (200) planes, respectively. The 
average value of particles size was determined by a histogram as shown in Figs. 3e and 3g. 
The particle size of the Ce0 2 NPs calcined at 600°, 700° and 800 °C was calculated to be 
8.5 ±1 11.4 ± 1 and 15.4 ± 1 nm, respectively (see Table 5.1). The particle size estimated 
using the TEM micrographs are in good agreement with the values of the crystallite size 
calculated using the XRD data. 
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Fig. 5.3 SEM micrograph of CeC>2 nanostructure synthesized at 600° (a) at low 
magnification and (b) at high magnification, (c) TEM micrographs, (d) HR-TEM 
micrograph and histogram of CeC>2 NPs synthesized at (e) 600° (f) TEM micrograph and 
(g) histogram of CeC>2 nanostructure synthesized at 800°C. 
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5.3.3 UV-VIS spectroscopy 

In order to study the size dependent variation of the optical band gap of the CeC>2 NPs, 
UV-VIS absorption spectroscopy was carried out. The samples calcined at 600°, 700° and 
800 °C were dispersed in ethanol for performing the UV-VIS. absorption measurements. 
The absorbance spectra of all three samples were recorded in the spectral range 200-800 
nm. The absorption spectra of Ce0 2 NPs calcined at 600° (8.5 ± lnm), 700° (11.4 ± 1 nm) 
and 800 °C (15.4 ± 1 nm) are shown in Fig. 5.4a. The absorption maxima are observed at 
-300, -315 and -325 nm for the particle size 8.5 ± 1.0, 11.4 ± 1.0 and 15.4 ± 1.0 nm, 
respectively. It is pertinent to note that the absorption maximum shows a significant red 
shift with increasing particle size. This implies that the optical band gap is reduced when 
particle sizes become smaller. The UV-VIS data are used to estimate the optical band gap 

0 2 

of CeC>2 NPs calcined at 600, 700, and 800 C by extrapolating the linear portion of (ahv) 
vs hv plots to intercept the photon energy axis as shown in Fig. 5.4b-d. The value of optical 
band gap for the CeC>2 sample calcined at 600, 700 and 800°C is calculated to be 3.88, 3.80 
and 3.71 eV, respectively. The decrease in optical band gap may be due to the increase of 
particle size of CeC>2 nanoparticles due to presence of oxygen vacancy as defects. The 
optical band gap calculated for various sizes of NPs are given in Table 5.1. Phokha et al. 
[28] had calculated the optical band gap for various sizes of CeC>2 NPs starting from 9.43 ± 
1 to 15.6 ± 1 nm and the values were reported to be in the range of 3.0 to 3.1 eV. In the 
study, they found that the optical band gap is increased with increasing particle size, which 
contradicts to our results. Additionally, we would like to note that the change of the optical 
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band gap reported by Phokha et al. [28] is rather small (0.1 eV). Supporting our findings, 
also Tsunekawa et al. [30] reported that the optical band gap, in general, increased with 
decreasing particle size due to the confinement effect. Phokha et al. [28] have explained the 
increase of optical band gap with increasing particle size in terms of change in cerium 
valence due to the presence of oxygen vacancies at surface of the NPs. In the present study, 
the optical band gap was found to decrease with increasing particle size, which is well in 
accordance with the quantum confinement effect as described by the following 
relationship: 

E g = E g ° + [h 2 /8^R 2 ] - [1.8e 2 /47isR] 
where E g ° is the energy band gap for the bulk material, h is the Planck's constant, R is the 
radius of the nanoparticles, 1/jj. = l/m e + 1/mh with m e and nih being the electron and hole 
effective masses, respectively, e is the electronic charge and s is the dielectric constant 
[31]. The value of optical band gap reported in this work is relatively higher than that of 
the earlier reports [32-33] for the same range of particle size. Our result is consistent with 
the values reported by Masui et al. [34]. They also have observed that the value of direct 
band gap is decreased with increasing the particle size of CeC>2 NPs. CeC>2 belongs to a rare 
earth class oxide, which shows charge transfer transitions, and it is a common phenomenon 
to all rare earth ions. Thus, the optical properties of CeC>2 NPs are determined by charge 
transfer transitions that can be identified by broad absorption bands [26]. Patsalas et al. 
[35] have reported that the band gap of CeC>2 NPs changes with change of Ce 
concentration. As the particle size increases, the concentration of Ce also increases, 
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which causes to decrease band gap of CeC^NPs. In the present study, the decrease of band 
gap with increasing particle size could be due to (i) the quantum confinement effect as 

3+ 

described by the above equation and/or (ii) the increase of the concentration of Ce ions in 
the CeC>2 NPs at higher calcination temperature. The higher concentration of Ce ions may 
create localized energy states within the band gap due to the presence of oxygen vacancies, 
causing a red shift of the optical band gap energy with increase of particle size. 




' i 1 ■ i I 1 i ■ i ■ i • i 

i * 4 s i j 4 i 

hu («V) hu (oV) 

Fig. 5.4 (a) Room temperature UV-VIS spectra of CeC>2 NPs for the particle size 8.5±1, 
1 \.4±\ and 15.4±1 nm and (b-d) tauc plots for determination of optical band gap. 
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5.3.4 Raman spectroscopy 

Raman spectroscopy is a nondestructive tool for assessing the quality of crystalline 
materials. Since, Raman spectra yield the vibrational energies of the molecules, they allow 
for an investigation of structures on a molecular level and, therefore, Raman spectroscopy 
is of great importance for characterizing the materials, especially to nanostructured 
samples. A small change in structure can easily be seen by looking at the Raman features 
of the materials. The Raman spectra of CeC>2 NPs of particle sizes 8.5 ± 1.0, 11.4 ± 1.0 
and 15.4 ±1.0 nm recorded for a spectral range of 400-500 cm" 1 are presented in Fig. 5.5a- 
b. The Raman spectra of all the samples were measured using an excitation wavelength of 

514.5 nm and an excitation power at the sample of 8 mW. An 180° scattering geometry 
was used to collect the Raman scattered signal from the powder sample in a micro Raman 
setup equipped with a 50 X objective. In order to see the effect of particle size on the 
Raman bands, the Raman spectra of bulk CeC>2 material has also been recorded. The 
Raman spectra recorded for particle sizes 8.5 ± 1.0, 11.4 ± 1.0 and 15.4 ±1.0 nm showed a 
peak at ~ 461, ~ 462 and ~ 463 cm" 1 , respectively. These Raman peaks are assigned to the 
first order longitudinal optical phonon mode (1LO). No any other peak was observed in the 
Raman spectrum of bulk CeC>2, as it was observed by Spanier et al. [36]. The appearance 
of single Raman peak for each particle size confirms the formation of CeC>2 NPs with very 
high crystallinity. The 1LO line belongs to a triply degenerate F2 g symmetric breathing 
mode of the oxygen atoms around the cerium ions [37]. Since, the Ce-Os vibrational unit is 
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very sensitive to any disorder in the oxygen sublattice, the Raman line observed is a direct 
measure of the sublattice quality [32, 38-40]. 

The asymmetrical feature appeared in the Raman peak towards the lower 
wavenumber side for the CeC>2 NPs compared to its bulk form indicate that the synthesized 
particles are in nano scale regime. It is in good agreement with the XRD results. The 
Raman peak at ~ 461 cm" 1 shifts to higher wave number by 3 cm" 1 with increasing the 
particle size from 8.5 to 15.4 nm. This shift of the Raman band with particle size may be 
due to the change of the Ce-Os bond length resulting from the lattice distortion. Other 
factors, such as phonon confinement and variations in phonon relaxation, may also be 
responsible for the shift of the Raman band to higher vibrational energies and its line 
broadening [41]. The effect of the particle size of the CeC>2 NPs on the Raman spectra is 
reflected by the enhanced asymmetrical feature towards the low-wavenumber side of the 
Raman peaks. Both, the line broadening and increase of asymmetry may be attributed to 
the reduction of the phonon life time in the nano crystalline regime [42-43]. Other possible 
explanations for the observed features of the appearance of asymmetry in Raman peak are 
phonon confinement, strain, size distribution, defects and changes of the phonon relaxation 
with particle size [36]. In case of bulk materials, the phonon at q=0 exclusively participates 
in the Raman scattering. However, as the dimensions are reduced down to the nanometer 
regime, the scattering volume in the reciprocal space is increased, which causes a 
relaxation of this selection rule for Raman scattering. In order to explain the size 
dependence of shape of Raman peak for nanostructured materials, Richter et al. [44] used a 
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Gaussian weighting function to model Raman scattering at wave vectors way from the 
zone center in low dimension materials. For a spherical nanostructure, the Raman intensity 
profile can be modeled by using following equation [36]. 



exp 



-q L 



( \ f V J 

where T is the FWHM of the bulk Raman peak, q is the wave vector, and (Oi(q) is the 
phonon dispersion for the selected mode. The particle size of the CeC>2 nanostructures can 
also be estimated by FWHM from the Raman bands using the following equation [39, 40, 
45] (results are given in Table 5.1): 

L 

where r(cm _1 ) is the FWHM of Raman active mode and L is the particle size of the 
nanostructure. The particle size of the samples calcined at 600, 700 and 800 °C has also 
been calculated using the Raman data with the help of above equation and the values thus 
calculated are given in Table 5.1. The particle size calculated by Raman data is slightly 
overestimated compared to the particle size calculated from XRD and TEM measurements. 
In general, a narrow Raman peak points to a nanostructure with perfect crystal structure 
while a broad Raman line indicates polycrystalline nature of the sample [46]. Judging from 
the Raman spectra depicted in Fig. 5.5, one can suggest that the synthesized NPs are highly 
crystalline and relatively impurities free, which is reflected by the small line width and 
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rather symmetric line profiles. The shifting of the peaks may be ascribed to the particle size 
effect [47]. This phenomenon plays a noteworthy character in determining the different 
properties of nano crystals by changing the energy states of the surface atoms [48-49]. 




wavenumber (cm ') Wavenumber (cm 1 ) 



Fig. 5.5 (a) Raman spectra of CeC^NPs for the particle size 8.5±1, 11.4±1 and 15.4±1 nm 
and (b) appearance of asymmetrical features in the Raman peak with increasing particle 
size. 

5.3. 5 Magnetic properties 

In order to explore the size dependent magnetic properties of the synthesized CeC>2 NPs, 
magnetic hysteresis measurements were carried out using VSM at room temperature with a 
magnetic field ranging from -1.5 T to +1.5 T. The M-H curves for various sizes of CeC>2 
NPs are shown in Fig. 5.6a-c. The hysteresis loop does not saturate up to the maximum 
applied magnetic field values (1.5 T). The non-saturation of the hysteresis loop up to 
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applied magnetic field of 1.5 T indicates that the synthesized samples are only weakly 

ferromagnetic in nature at room temperature. The values of the magnetic parameters such 

as the saturation magnetization (M s ), the remanent magnetization (M r ) and the coercivity 

(H c ) for the Ce0 2 NPs of particle size 8.5 ± 1.0, 11.4 ± 1.0 and 15.4 ±1.0 nm were 

calculated using the hysteresis curves of the respective size and the results are presented in 

Table 5.2. The values of anisotropy constant (K) and magneton number (ns) have also been 

calculated for the CeC>2 NPs using the following equations, respectively [50] and values 

thus obtained are also given in Table 5.2. 

TT 0.96K j M.wtxM, 
H r = and n D = 



Ms 5585 
The calcination temperature is an important factor during the synthesis for varying the size 
of NPs. It affects the crystallinity as well as the size of the synthesized samples. Therefore, 
the variation of the calcination temperature during the synthesis may cause changes in size 
and morphology of the sample, which finally make an impact on the values of magnetic 
parameters listed above. In fact, the change in magnetic behavior of the NPs arises from 
the antagonism between size and shape anisotropy of the NPs [50]. The value of H c is 
increased consistently with increasing the particle size from 8.5 to 15.4 nm. It may be due 
to the enhanced anisotropy caused by the increased crystallinity at higher calcination 
temperatures. The high value of H c at high calcination temperature directly reflects the 
single crystalline nature of the material, which has a noticeable influence on the magnetic 
properties of the NPs. It is well known that the symmetrically shaped nanoparticles, such 
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as sphere-like structures which only have little shape anisotropy exhibit crystalline 
anisotropy due to single crystalline nature which influences the value of coercivity [51]. 
The increase in the value of the magneton number (ne) with particle size also points to the 
enhancement of the magnetic properties of CeC>2 NPs. The value of Ms is increased from 

3 3 

2.6 x 10" to 16.5 x 10" emu/g by increasing the particle size from 8.5 to 15.4 nm. These 
values are higher than that of the Ms value reported in literature for pure CeC>2 NPs [17, 
24]. Sundaresan et al. [17] reported RTFM with an Ms value of - 1.9 x 10" emu/g for 
CeChNPs of particle size -15 nm. Here, we would like to note that in the present study the 
value of Ms obtained for same particle size is significantly higher (8 times) than that of Ms 
value reported in earlier study [17]. The increase of Ms value with particle size implies that 
the CeC>2 NPs are gradually become a strong magnet as the particle size is increased from 
8.5 to 15.4 nm. Further, the value of the Mr is also increased consistently from 0.7 x 10" 
to 5.7 x 10" 3 emu/g by increasing the size of the NPs. By looking at the data presented in 
Table 5.2, it is quite clear that the magnetic parameters, Ms, Mr and He, depend 
significantly on size and structure of the CeC>2 NPs [52]. The increased values of Ms and 
Mr with increasing the particle size of CeC>2 NPs may also be explained in terms of high 
density of oxygen vacancies (defects) on nanostructured surface at higher calcination 
temperatures. As it was already discussed above that at higher calcination temperatures, the 
Ce 4+ ions change to Ce 3+ ions and, as a consequence, a high number of oxygen vacancies 
are induced in the lattice. This high concentration of Ce 3+ ions may be responsible for the 
presence of more oxygen vacancies in the samples, which causes more coupling between 
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the individual magnetic moments of the Ce ions, leading to an increase of the Ms value 
with the increase of particle size [38]. When the Ce 4+ changes to Ce 3+ , an unpaired spin of 
f orbits of Ce atom is generated that gives rise to the net spin and thus, magnetism is 
induced [53]. The RTFM may arise due to spin coupled from a nearest-neighbor 
interaction by double exchange (Ce 3+ -0-Ce 4+ ) or super exchange (Ce 3+ -0-Ce 3+ ) 
mechanism by charge transfer transition between O (2p) and Ce (4f) energy bands [54]. Ge 
et al. [25] had reported that the oxygen vacancies are responsible for the generation of 
magnetic moment by polarizing spins of f electrons of cerium (Ce) ions located around the 
oxygen vacancies, which results ferromagnetism in pure CeC>2 nanoparticles. These authors 
showed theoretically that there is no magnetic moment in Ce02 without oxygen vacancies, 
which confirms the paramagnetic behavior of CeC>2 at room temperature. In the present 
study, we have discussed in the XRD section that the number of oxygen vacancies is 
increased as calcination temperature is increased. Thus, the possible mechanism to explain 
the RTFM of CeC>2 NPs and the increase of Ms value with increasing particle size is the 
oxygen vacancies present in the CeOi matrix that induce ferromagnetic coupling 
originating from the exchange interaction between 4f spin of Ce and oxygen vacancies 
[17-18]. 
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11.4±1 and (c) 15.4±1 nm, respectively. 
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Table 5.2 Calculated values of magnetic parameters; Ms, Mr, He, K and n B of CeC>2 NPs 
of sizes 8.5 ± 1.0, 11.4 ± 1.0, 15.4 ± 1.0 nm. 



Particle 


Saturation 


Remnant 


Coercive 


Anisotropy 


Magneton 


size (nm) 


Magnetization Magnetization 


Field 


constant 


number 




Ms (emu/g) 


Mr (emu/g) 


He (Oe) 


K (erg/g) 


n B (Pb) 


8.5 ± 1.0 


2.6 x 10" J 


0.7 x 10" 3 


111 


0.301 


0.08xl0" 3 


11.4 ±1.0 


7.8 x 10" 3 


2.2 x lO" 3 


144 


1.170 


0.24xl0" 3 


15.4 ± 1.0 


16.5 x 10" 3 


5.7 x 10" 3 


415 


7.132 


0.50xl0" 3 



5.4 Conclusion 

Monodispersed spherical CeC>2 nanoparticles of size 8.5 ± 1.0, 11.4 ± 1.0 and 15.4 ± 1.0 
nm have been synthesized by the sol-gel method. Structural, optical and magnetic 
properties of as-prepared samples were investigated by XRD, TEM, SEM, UV-VIS, 
Raman and VSM measurements. The UV-VIS study shows a red shift of the absorption 
maximum, i.e. the decrease of optical band gap, with increasing particle size. This may be 
explained in terms of quantum confinement effect. Further, it could also be due to 
additional localized states created by the oxygen vacancies, which arise from the 
conversion of Ce 4+ to Ce 3+ ions at higher calcination temperature. Raman spectra show a 
weak asymmetrical feature in Raman peak at ~ 461 cm" (1LO) with reduction of particle 
size, which is a clear indication for the formation of nano-sized CeC>2. VSM measurements 
revealed that the synthesized CeC>2 NPs are weak ferromagnetic in nature. The values of 
the Ms, He and Mr are increased with increasing particle size. This may be due to different 
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effects; (i) the variation of calcination temperature may change the size and morphology of 
the sample. This finally would make an impact on the values of magnetic parameters, 
which can be confirmed by the increased value of anisotropy constant (K) of ~ 6.8 erg/g 
with increasing particle size, (ii) the higher concentration of oxygen vacancies is coupled 
to an increased number of Ce ions that activate more coupling between the individual 
magnetic moments of the Ce ions (iii) the oxygen vacancies may also produce magnetic 
moment by polarizing spins of the f electrons of the cerium (Ce) ions located around the 
oxygen vacancies. 
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In this chapter, a facile one step in-situ solvothermal synthesis method has 
been used to prepare pure cadmium sulfide (CdS) nanoparticles (NPs), 
graphene oxide (GO), reduced graphene oxide (rGO) and rGO decorated 
with highly dispersed CdS NPs. The optical properties of the synthesized 
samples have been investigated using ultraviolet-visible (UV-VIS) 
spectroscopy, photoluminescence (PL) spectroscopy and Raman 
spectroscopy (RS) techniques and a comparative analysis of the results 
obtained by these techniques have been done. The presence of two distinct 
Raman peaks in 2D band indicates that the synthesized rGO may be 
composed of double layers. The room temperature ferromagnetism (RTFM) 
of CdS NPs decorated over rGO is decreased compared to pure CdS NPs. 
The rGO-CdS nanocomposites show enhanced photocatalytic activity for 
photodegradation of methylene blue (MB) dye compared to pure CdS NPs, 
GO and rGO. Due to enhanced photocatalytic activity of rGO-CdS 
nanocomposites, it may be used for many practical applications in future 
nanotechnology. 
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6.1 Introduction 

Among the various carbon based materials, the graphene is a new class of two dimensional 
(2D) honey comb structure consisting of a mono layer network of sp hybridized carbon 
atoms. This mono layer of carbon atoms can be wrapped, rolled and stacked to make 
different structures with various dimensionalities such as; fullerene (OD), carbon nanotubes 
(ID) and graphite (3D), respectively [1]. The unique single layer network of sp hybridized 
carbon atoms of graphene opens up new applications in various fields such as; 
nanoelectronics, biosensors and photovoltaic devices [2]. Since its discovery [3] in 2004, 
graphene has made an ultimate impact in numerous areas of science and technology due to 
its remarkable high electron mobility, extremely large surface area, high thermal 
conductivity, good mechanical stability [4] and low cost simple fabrication process as well 
as the ability to functionalize its surface easily. These exceptional features of graphene 
have made it to utilize as a promising supporting material to decorate and stabilize 
inorganic semiconductor nanostructures to improve its properties for wider applications. 

Among various semiconductor materials, cadmium sulfide (CdS) is an important 
semiconductor with a direct band gap of 2.40 eV. The narrow band gap value (2.40 eV) 
compared to other metal oxides has made it, as a promising candidate for applications in 
the field of photocatalysis and optoelectronics [5]. The electron (e~) - hole (h + ) pair 
generated by the irradiation of light has made it as a suitable catalyst for enhancement of 
photocatalytic activity. But, the rapid recombination of the e~- h + pair is a major obstacle 
that restricts the photocatalytic performance of CdS NPs. In order to enhance the 
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photocatalytic performance of CdS NPs, the e~- h + pair recombination time for CdS NPs 
can be delayed and the photogenerated charges can effectively be separated by decorating 
CdS NPs over the materials with high surface area. On the basis of above discussions, it is 
reasonable to believe that rGO-CdS nanocomposites should show improved photocatalytic 
activity. The rGO serves as an excellent platform for CdS NPs based on its high specific 
surface area and a superior electrical conductivity [6]. The rGO-CdS nanocomposites were 
studied previously by many research groups [7-8]. However, in these studies the authors 
have paid attention only to see the photodegradation of dye. They did not study the 
magnetic and emission properties of rGO-CdS nanocomposites. Further, in most of the 
studies, the photocatalytic activity of rGO-CdS nanocomposites are reported for organic 
dyes with visible light only while in best of our knowledge, the photocatalytic activity of 
rGO-CdS nanocomposites on MB dye under UV light has not been reported yet. 

In recent years, grapheme based nanocomposites have been subject of great 
research interest due to their novel physical and chemical properties [9]. The 
nanocomposites of graphene with semiconducting materials are capable to generate 
remarkable properties such as; high specific surface area, high mobility and unique tunable 
band gap. The composite materials have been recognized as a material of enormous 
potential that provide superior performance for various specific applications such as; 
electro-catalysis, supercapacitors, high performance lithium ion batteries etc [6]. In 
addition, the photogenerated e~- h + pairs with high charge separation efficiency are 
obtained due to the decoration of semiconductor nanoparticles of controlled shape and size 
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over well segregated graphene layers. The graphene decorated with semiconductor 
nanostructures is usually prepared by in-situ growth process such as 
hydrothermal/solvothermal method in which GO is used as starting material. The oxygen 
containing functional groups are responsible to control the decoration of nanoparticles on 
graphene layers without aggregation [6]. GO has a similar structure, as of graphite, in 
which the plane of carbon atoms is attached by oxygen containing functional groups. 
These oxygen containing functional groups are responsible to expand the interlayer 
distance of graphite sheets and to make the sheets hydrophilic. Further, the reduction of 
GO provide graphene based semiconductor composites with well charge separation 
capability. 

The graphene and its nanocomposites with semiconducting metal oxides have been 
synthesized and their physical and chemical properties have been well studied by the 
various research group [8-10]. However, a systematic report on optical and magnetic 
properties of graphene decorated with well dispersed CdS NPs and its photocatalytic 
activity on methylene blue (MB) dye under UV irradiation has not been studied yet. In 
view of above discussed studies on graphene and its nanocomposites with transition metal 
oxides and chalcogenides and its applications in various fields, it is thought worthwhile to 
synthesize graphene decorated with well dispersed CdS NPs by a simple synthesis 
approach and study their optical, magnetic and photocatalytic properties. 

Thus, in the present work, I have reported a facile in-situ synthesis approach to 
decorate CdS NPs with a high degree of dispersion on rGO sheets. The structural, optical 
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and magnetic properties of CdS NPs decorated over rGO sheets have been investigated by 
XRD, HR-TEM, UV-VIS spectroscopy, PL spectroscopy, Raman spectroscopy and VSM 
measurements. The composition of elements present in the synthesized samples was 
confirmed by the energy-dispersive X-ray spectroscopy (EDX) measurements. In addition 
to structural, optical and magnetic properties, the photocatalytic response of the 
synthesized product has also been investigated over MB dye under UV irradiation. The 
optical, magnetic and photocatalytic properties of pure CdS NPs and those decorated over 
rGO sheets have been studied and possible mechanism for enhanced photocatalytic activity 
has also been proposed. 
6.2 Experimental Techniques 
6.2.1 Synthesis 

The synthetic approaches, generally used to prepare graphene based nanocomposites, are 
mixing of solution, sol-gel and in-situ growth like hydro thermal or solvothermal methods. 
Actually, two or more methods out of above mentioned synthetic strategy are generally 
shared to manufacture the graphene based semiconductor nanocomposites. In the present 
work, in-situ growth of graphene decorated with CdS NPs have been done using 
solvothermal method using GO as precursors for graphene, and cadmium acetate with 
sodium sulphide, as precursor for CdS. Ethylenediamine was used as a chelating agent to 
form highly dispersed CdS NPs. Hydrazine hydrate (N2H4) has been used to convert GO 
into rGO that serves as a support to decorate CdS NPs over rGO sheets. Fig.6.1 
demonstrates the scheme of synthesis procedure used to synthesize rGO-CdS 
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nanocomposites. The in-situ growth processes like, hydrothermal or solvothermal is an 
effective method for the preparation of graphene based semiconductor nanocomposites 
with inimitable advantages. In this process, the mixed solution of precursors of graphene 
and metal compound, functionalized GO and metal salts, respectively, are loaded with or 
without reducing agents in an autoclave for thermal treatment. During the thermal 
treatment, graphene based semiconductor nanocomposites is fabricated simultaneously by 
converting GO into rGO. The presence of oxygen containing functional groups like epoxy, 
carbonyl, carboxyl and hydroxyl on GO provide the nucleation sites for evenly and mono- 
dispersed growth of semiconductor NPs on rGO sheets without agglomeration [11]. 



O COD" Oil 

jT ^ 1 



H.SO, t mpo, 





OOOII oil O <**>•■ 



(irapfccac Oxide ((X>) 



Online Ouk(<)0) 
♦ 

♦ 

N»,S W,CI 



<t*M Oil 



<tx>ii 



Gnphcnc Oxide (tiO) 



( irapbrnc 



(VIS 



Fig. 6.1 Schematic illustration of the synthesis of rGO-CdS nanocomposites. 
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6.2.1.1 Synthesis of GO 

GO was synthesized using an improved method [12] with some modifications. In general, 
a mixture of concentrated H2SO4 (360 ml) and H3PO4 (40 ml) was prepared in a conical 
flask. The graphite powder (3gm) was mixed slowly into mixture of concentrated 
H2SO4/H3PO4 while stirring. The homogeneous solution was made by vigorous stirring for 
15 min. Thereafter, the conical flask containing homogeneous solution of concentrated 
H2SO4/H3PO4 and graphite was kept in a water bath. 18gm of KMnC>4 was added very 
slowly under vigorous stirring and maintained a temperature of 35°C of the resultant 
solution. After mixing of KM11O4 nicely, the water bath was removed and the resultant 
solution was then heated to 55°C and stirred for 12 h to complete the oxidation of graphite. 
During oxidation reaction, the color of the mixture turned out to be dark brown. The 
reaction was cooled to room temperature after vigorous stirring for 12 h and poured ice, 
which again produces exothermic reaction by showing purple color of the mixed solution. 
To stop the oxidation process, 30% H2O2 solution was added gradually till the color of the 
mixed solution turned to bright yellow that indicate a high oxidation level of graphite. The 
obtained slurry was centrifuged at 4000 rpm for 1 h, and the supernatant was removed. The 
precipitate was then washed with 200 ml of water, 200 ml of 30% HC1, and 200 ml of 
ethanol in succession until a pH of 5 was achieved. The remaining solid material was then 
dried overnight at 40°C. The obtained desired brown solid powder of GO was collected 
and stored for further use. 
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6.2.1.2 Synthesis of rGO 

rGO was synthesized by a facile in-situ solvothermal method. For synthesis of rGO, as 
synthesized brown solid powder of GO (0.02gm) was first dispersed into 40 ml double 
distilled water under mild condition. The dispersed GO was then exfoliated by using 
ultrasonication for 1 h, and then 10(0,1 hydrazine hydrate (N2H4) were added drop wise into 
the above mentioned solution under ultrasonication. Thereafter, the solution was 
transferred to a 50 ml of Teflon lined autoclave and heated at 120°C for 12 h. The 
autoclave was then cooled to room temperature. Now, the obtained precipitate was washed 
with double distilled water and ethanol until a pH of 5 of the solution was achieved. The 
remaining solid material was dried at 60°C and the resulting black powder of rGO sheets 
was collected for further use. 

6.2.1.3 Synthesis of pure CdS NPs 

In order to synthesize pure CdS NPs, 0.533gm (0.05M) of cadmium acetate dihydrate, 
Cd(CH3COO)2.2H20 was mixed in 40 ml of ethylenediamine ( C2H8N2) and stirred the 
resultant solution. Further, 0.480gm (0.05M) of sodium sulfide (Na2S.9H20) was added 
slowly to the obtained solution under vigorous stirring. The resultant solution was then 
kept for further stirring until the solution was turned to light yellow. Now, the solution was 
transferred to a 50 ml of Teflon lined autoclave and heated it at 120°C for 12 h. The 
autoclave was then cooled to room temperature. Now, the obtained precipitate was washed 
with distilled water and ethanol until a pH of 5 of the resultant solution was achieved. The 
remaining solid material was dried at 60°C. The yellow powder of CdS NPs was collected 
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for further use. 

6.2.1.4 Synthesis of rGO decorated with CdS NPs 

One step in-situ synthesis of rGO decorated with CdS NPs has been done using 
solvothermal method. In order to perform in-situ synthesis of rGO sheets decorated with 
CdS NPs, 0.02gm of GO was first dispersed in 40 ml of C2H8N2 solution and stirred the 
solution. The dispersed GO was then exfoliated by ultrasonication of the solution for 1 h, 
and then 10(0,1 N2H4 was added drop wise into the solution under ultrasonication. Further, 
0.533gm (0.05M) of cadmium acetate dihydrate, Cd(CH 3 COO) 2 .2H 2 0 and 0.480gm 
(0.05M) of sodium sulfide, Na2S.9H20 was added slowly one by one into the prepared 
solution under vigorous stirring. The resultant solution was then kept for further stirring 
until the solution was turned to blackish light yellow. Thereafter, the resultant solution was 
transferred to a 50 ml of Teflon lined autoclave and heated at 120°C for 12 h. The 
autoclave was then cooled to room temperature. Now, the obtained precipitate was washed 
with double distilled water and ethanol until the pH value of solution is reached to 5. The 
remaining solid material was dried at 60°C. The dried blackish dark yellow powder was 
then characterized using different experimental techniques. 
6.2.2 Characterization 

The crystalline phase of the synthesized samples was analyzed by XRD (Rigaku Smart Lab 
X-ray diffractometer) with CuKa radiation (7i=0.154 nm). The shape and size of the 
synthesized samples were investigated by HR-TEM (TEM, Tecnai G20 S-Twin) 
measurements. EDX measurements were also done for elemental analysis using a Leo 1530 
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VP field emission electron microscope. Raman spectra of the synthesized samples were 
recorded using Renishaw invia Raman spectrometer in the spectral range 150-2700 cm" 1 
with an excitation wavelength of 633 nm of an Ar ion laser with a power ~ 5 mW at the 
sample to study structural as well as optical properties. UV-VIS spectroscopy 
(PerkinElmer (Lambda 55) UV-VIS spectrometer) was performed to obtain absorption 
feature of the synthesized products in the spectral range 225-675 nm. PL emission spectra 
were also recorded using 320 nm excitation wavelength by PerkinElmer LS55 
Fluorescence spectrometer to study the emission behavior of the materials. VSM 
measurements were done to study the magnetic properties of the synthesized samples at 
room temperature using VSM (ADE-DMS, model EV-7USA). 
6.2.3. Photocatalysis 

In order to study the photocatalytic properties of the synthesized samples over MB dye 
under UV irradiation, the aqueous solution of MB dye was prepared using the steps as 
shown in Fig. 6.2 for photocatalytic measurements. The photodegradation of MB dye was 
evaluated by irradiation of UV light of wavelength 254 nm. For photocatalytic 
measurements, 50 mg of rGO sheets decorated with CdS NPs, as a photocatalyst, was 
dispersed in 50 ml aqueous solution such that its concentration in the solution turns out to 
be 10" 5 M. The obtained dispersed solution was stirred in the dark for 30 min to achieve the 
adsorption equilibrium. The solution is exposed to UV light of wavelength 254 nm for 70 
min. After each 10 min, the solution is taken out from the UV chamber for recording the 
UV-VIS absorption spectra to determine the residual concentration of MB dye. 
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MB dye 1)1 water Aqueous solution of MB dye 




Aqueous solution of MB dye KJO-C dS Final solution of MB dy e 

with rGO-CdS 

Fig. 6.2 Schematic illustration of the sample preparation for studying the photocatalytic 
activity. 

6.3 Results and Discussion 
6.3.1 XRD 

The XRD patterns of graphite, GO, rGO and rGO decorated with CdS NPs are shown in 
Fig. 3. It can be seen from Fig. 6.3a-c that the graphite, GO and rGO have characteristic 
peaks at 26 = 26.42° (JCPDS No. 41-1487), 9.59° and 25.15° corresponding to (002) plane 
with the value of d-spacing 0.336, 0.921 and 0.353 nm, respectively. The longer values of 
d-spacing for GO compared to graphite is attributed to the presence of oxygen containing 
functional group formed during the oxidation process. The presence of functional group in 
GO is responsible to lose stacks of layers effectively [13]. The large interlayer distance of 
GO was attributed to the formation of hydroxyl, epoxy, carbonyl and carboxyl groups in its 
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structure [14]. The XRD pattern reveals that GO sheets have been successfully exfoliated 
from the raw graphite and after solvothermal reduction, almost all GO sheets have been 
transformed into rGO with significantly less functionalities. The broad nature of (002) 
peak of rGO indicates that the samples are composed with few layers of rGO sheets [15]. 
Fig. 6.3d represents the XRD pattern of rGO decorated with CdS NPs. The peaks located 
at 26 = 26.84, 30.60, 43.85, 51.94, 54.44 and 64.78° are distinctly indexed to the reflection 
from (111), (200), (220), (311), (222) and (400) crystal planes of cubic phase of CdS 
(JCPDS No. 89-0440) NPs, respectively. No peak corresponding to any impurity phase was 
detected in the XRD pattern. The broadening and sharp intensity of diffraction peaks 
indicate that the grain size of CdS NPs may be in nanoscale with good crystallinity. The 
XRD pattern of rGO decorated with CdS NPs does not contain the characteristic 
diffraction peak of rGO. It might be due to low intensity compared to the intensity of CdS 
peaks or the presence of few layers in the rGO sheets [16]. It is also well known that the 
decorated NPs may prevent the restacking of graphitic carbon sheets. Hence, the 
characteristic diffraction peak of the layered structure of rGO may disappear. The grain 
size of CdS NPs decorated over rGO surface is calculated to be 15±2 nm. 
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Fig. 6.3 XRD pattern for (a) graphite (b) GO (c) rGO and (d) rGO-CdS nanocomposites. 
6.3.2 TEM, HR-TEM, SAED and EDX 

TEM and HR-TEM measurements were carried out for as prepared rGO decorated with 
CdS NPs to resolve their features in nanoscale domain. The structural characterization of 
rGO-CdS nanocomposites have been done by HR-TEM and TEM measurements. The size 
of synthesized samples of CdS NPs decorated over rGO sheets was also estimated by TEM 
analysis. Fig. 6.4a shows the representative HR-TEM image of the rGO-CdS 
nanocomposites. The Fig. 6.4b-f shows the representative TEM images of the rGO-CdS 
nanocomposites at different resolution. Fig. 6.4a reveals that there is a good interfacial 
contact between rGO sheets and CdS NPs. It could be expected that such an intimate 
interfacial contact for rGO-CdS nanocomposites favor the photo generated charge carrier 
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transfer process across the interface between CdS NPs and rGO sheets upon irradiation of 
UV light. It could assist to enhance the photocatalytic activity of rGO-CdS 
nanocomposites. 

Fig. 6.4b-f clearly reveals that the distribution of CdS NPs over rGO sheets is 
homogeneous and monodispersed. Moreover, no free CdS NPs are detected outside the 
range of the rGO sheets. It is also obvious that the smooth and thin surface of rGO sheets is 
densely covered by CdS NPs with uniform size and shape. These results further confirm 
that the CdS NPs have been successfully decorated over rGO sheets. Fig. 6.4g shows the 
SAED pattern of as prepared rGO-CdS nanocomposites which clearly demonstrate that the 
ring pattern is appeared due to cubic crystal phase of CdS NPs and also nicely matched 
with the XRD results. Fig. 6.4h shows the histogram of particle size of CdS NPs decorated 
over rGO sheets. By TEM measurements, the average particle size of CdS NPs decorated 
over rGO sheets is calculated to be 17±5 nm. This value is in good agreement with the 
crystallite size of CdS NPs calculated by XRD data. Fig. 6.4i represents the results of EDX 
measurements. By looking at Fig. 6.4i, one can say that the synthesized samples are 
impurity free. The elements present in in-situ synthesized samples are C, Cd, S and O. The 
presence of oxygen (O) may be due to the oxygen containing functional group even after 
reduction of GO to rGO. It means that the GO has not been completely transformed to 
reduced rGO. All above discussions obviously indicate that the solvothermal method is 
very effective one step in-situ approach to decorate CdS NPs over rGO sheets with high 
density and good crystallinity. 
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Fig. 6.4 (a) HR-TEM image of rGO-CdS nanocomposites (b-f) TEM images of rGO-CdS 

nanocomposites at different resolutions (g) SAED pattern of the rGO-CdS nanocomposites 

(h) histogram of rGO-CdS nanocomposites (i) EDX spectrum of rGO-CdS 

nanocomposites. 

6.3.3 Raman spectroscopy 

Raman spectroscopy is an effective and non-destructive experimental technique which has 
been mostly used to find structural information of carbon-based materials [17]. In order to 
get structural information of carbon-based materials from its Raman spectra, the G and D 
bands and their overtones are mainly used. The G band, resulting from the stretching of sp 
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carbon pairs, is the characteristic of sp hybridized carbon atom network and it corresponds 
to the optical E2 g phonons at the Brillouin zone center [18]. The D band is Raman active 
only due to the defect present in the sample and assigned to breathing mode of k-phonon of 
Ai g symmetry [17]. The intensity ratio of D and G bands (ID/IG) could give the 
information of degree of disorder and average size of the sp domains present in the 
samples [19]. Hence, it is believed that Raman spectra of carbon based materials with the 
G and D bands are very sensitive to defects, disorder and domain size. 

Fig. 6.5 shows the Raman spectra of the GO (black), rGO (red), CdS (green) and 
rGO-CdS nanocomposites (blue) recorded in the spectral range 150-2700 cm" 1 . The Raman 
spectra of GO, rGO and rGO-CdS nanocomposites revealed characteristics D (defect) and 
G (graphite) bands. The Raman spectra of GO contains D and G bands located at ~ 1320 
and ~ 1566 cm" 1 , respectively whereas in rGO, these bands are appeared at ~ 1325 and ~ 
1575 cm" 1 . In addition to D and G bands, a broad low intensity 2D band located at ~ 2657 
cm" 1 is also observed in the Raman spectra of GO. The 2D band is originated due to double 
resonance transition resulted due to the production of two phonons with opposite 
momentum [20]. It is interesting to note that the Raman spectrum of rGO has two distinct 
peaks in place of broad 2D band, as it has been observed in the Raman spectrum of GO. 
However, the intensity of these two Raman peaks of rGO turns out to be different. The 
splitting of 2D band into two nicely distinct Raman peaks in rGO-CdS nanocomposites 
indicate that the synthesized rGO is composed of two sheets [21]. Further, two well distinct 
Raman peaks almost at same wavenumber position of rGO decorated with CdS NPs have 
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been observed, as it is observed in rGO. The intensity of these two peaks is relatively high 
than that of rGO. The splitting of 2D band into two well resolved peaks of almost same 
intensity in Raman spectrum of rGO decorated with CdS NPs may be explained in terms of 
perturbation induced double resonance scattering process. The decoration of CdS NPs on 
rGO surface may develop strain on rGO sheets that ultimately causes to split 2D band into 
different peaks depending upon the presence of sheets in rGO-CdS nanocomposites [21]. 
The change in structure upon transformation of GO into rGO due to chemical reduction 
can be confirmed by looking at the peak shift of the Raman bands. The up shift of G band 
in Raman spectrum of rGO indicates the deoxygenating of GO [22], which is a general 
feature of reduction of GO into rGO. The increased value of ID/IG of rGO than that of GO 

2 2 

indicates the increase of sp domain due to the restoration of damaged sp carbon 
conjugation during GO preparation and the average size of the sp domains is decreased 
after reduction of GO into rGO [23]. Further, the ratio ID/IG is inversely proportional to 
the crystallite size [18]. The increased ID/IG value of rGO upon reduction of GO into rGO 
has been reported in earlier study [23]. 

Raman spectrum of rGO-CdS nanocomposites contains two characteristic Raman 
bands of CdS at ~ 288 and ~ 580 cm" 1 . The observed peak position is same as it has been 
observed in case of pure CdS NPs. The Raman bands at ~ 288 and ~ 580 cm" 1 correspond 
to the first-order (1LO) and second-order (2LO) longitudinal optical (LO) phonon modes 
of CdS NPs. Zeiri et al. [24] had reported that bulk CdS has two characteristic Raman 
bands at ~ 300 and ~ 600 cm" 1 corresponding to the first-order (1LO) and second-order 
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(2L0) phonon modes. In the present study, these two bands are shifted to lower 
wavenumber side that could be due to presence of rGO sheets [25]. The presence of 
characteristic graphitic bands with characteristic bands of CdS NPs confirms the formation 
of rGO-CdS nanocomposites, which could not be confirmed by analyzing the XRD data. 
Raman spectra of rGO-CdS nanocomposites revealed that there is no any significant 
change in the shape of spectral line and position of G band compared to rGO. However, the 
peak position of D band is changed significantly. The change in position of D band may be 
due to the lattice distortion caused by incorporation of CdS NPs over the rGO sheets. The 
decrease in ID/IG value for rGO-CdS nanocomposites compared to rGO indicates that the 
number of layers in rGO sheets is decreased without decreasing the average size of the sp 
domain. The lower ID/IG ratio also indicates a better defect repair mechanism for rGO- 
CdS nanocomposites [26]. 
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Fig. 6.5 Raman spectra of GO (black), rGO (red), CdS (green) and rGO-CdS 
nanocomposites (blue). 
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6.3.4 UV-VIS spectroscopy 

UV-VIS spectroscopy is an important optical characterization technique for studying 
graphene and graphene based semiconductor nanocomposites. Fig. 6.6 shows the UV-VIS 
absorption spectra of as synthesized graphene (black), CdS (red) and rGO-CdS 
nanocomposites (green). The absorption spectra are recorded in the spectral range 225-675 
nm. All the samples were dispersed in ethanol to record the absorption spectra. It can be 
seen from Fig. 6.6 that the rGO has an absorption peak at ~ 258 nm along with an 
additional absorption peak at ~ 228 nm. A similar type of additional peak along with 
characteristic feature at ~ 265 nm had also been observed for graphene in earlier study 
[27]. The position of characteristic peak of rGO (~ 258 nm) is slightly less compared to its 
reported value [27] of ~ 265 nm. The peak at ~ 258 nm is attributed to the excitation of ji- 
plasmon of graphitic structure [27]. The blue shift of characteristic absorption peak by 8 
nm in rGO compared to its standard value may be caused due to the presence of few layers 
in rGO sheets. It is very interesting to note that the absorption peak of CdS NPs is also 
found to be at ~ 258 nm. Further, in case of rGO-CdS nanocomposites, the broad 
absorption edge at ~ 5 10 nm was also observed in comparison to pure CdS NPs. The broad 
feature at ~ 258 nm in rGO-CdS nanocomposites may be due to strong coupling between 
rGO sheets and CdS NPs due to their intimate interface contact (see HR-TEM image) and 
homogeneous distribution of CdS NPs on graphene layer [28]. The additional peak at ~ 228 
nm in case of rGO may be due to defects created by oxygen containing functional group 
present in the rGO. The presence of oxygen, as defects, has already been confirmed by 
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EDX measurements. 
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Fig. 6.6 UV-VIS spectra of rGO (black), CdS (red) and rGO-CdS nanocomposites (green). 
6.3.5 PL spectroscopy 

PL spectroscopy is an important tool to study the effect of graphene on recombination of 
photogenerated e~ - h + pairs produced by pure CdS NPs. Fig. 6.7 shows the PL spectra of 
pure CdS NPs and rGO-CdS nanocomposites dispersed in ethanol at room temperature. PL 
measurements were carried out using excitation wavelength of 320 nm. The emission 
spectra were recorded for the spectral range 350-550 nm. From Fig. 6.7, it can be seen that 
pure CdS NPs have two distinct emission bands at ~ 410 and ~ 430 nm along with two 
shoulder bands at ~ 460 and - 530 nm. The position and shape of the emission bands of 
rGO-CdS nanocomposites (see Fig. 6.7) were analogous with CdS NPs except the 
disappearance of emission band at ~ 530 nm. In comparison to the intensity of emission 



139 



CHAPTER - 6 



bands of pure CdS NPs, the intensity of emission bands of rGO-CdS nanocomposites is 
found to be less relative to pure CdS NPs. The emission band located at ~ 410 nm was 
assigned to the trapping effect of photogenerated e~ and h + after their recombination 
whereas the emission band at ~ 430 nm may be due to a small fraction of weakly trapped 
e~- h + pair excitons [29]. In another study [30], the emission band at ~ 410 nm is assigned 
to CdS excimer band-to-band emission. Spanhel et al. [31] had reported that the emission 
band at ~ 460 nm is appeared due to the recombination of excitons and/or shallowly 
trapped e~- h + pairs that causes the band edge luminescence between 450-500 nm. The 
broad emission band centered at ~ 530 nm may be due to the transition of electrons from 
defect states, as formed by S atom of CdS NPs, to the valance band (VB) of CdS NPs [32]. 
The decrease in PL intensity is attributed due to the band alignment at the interface of rGO 
sheets and CdS NPs. The position of conduction band at - 4eV for pure CdS NPs and the 
Fermi level of graphene at - 4.42 eV is energetically favorable [33] and responsible for 
efficient transfer of excited electron from conduction band (CB) of CdS NPs to rGO 
sheets. As a result, the charge recombination process got delayed than that of pure CdS 
NPs. Thus, the decrease of intensity of emission bands for rGO-CdS nanocomposites 
indicates the good interfacial interaction between rGO sheets and CdS NPs [10]. These 
results demonstrate that the rGO-CdS nanocomposites may effectively improve their 
optoelectronic and photocatalytic activity compared to pure CdS NPs due to effective 
charge separation and efficient charge transport from CdS NPs to rGO sheets and vice- 
versa [33]. 
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Wavelength (nm) 

Fig. 6.7 PL spectra of pure CdS NPs (green) and rGO-CdS nanocomposites excited by 320 
nm wavelength. 

6.3.6 Photodegradation of MB dye 

Photocatalysis is a process in which e~- h + pairs are generated from semiconductor surface 
when materials are exposed to light. In the aqueous solution, adsorbed H^O/OH" functional 
group act as an electron donor to yield hydroxyl radicals (-OH) while adsorbed oxygen acts 
as an electron acceptor to form oxygen peroxide radical (O2 *~). These strongly oxidized 
species degrade organic compounds into small molecules. The rGO based semiconductor 
nanocomposites show improved photocatalytic activity. It could be due to (i) the rGO 
sheets have high electron mobility that makes it to act as an efficient electron acceptor and 
provide a better channel to transport excited electrons from semiconductor NPs to rGO 
sheets that obstructed recombination of the photogenerated e~- h + pairs (ii) the rGO has 
large surface area that provides more active adsorption sites for the molecule to enlarge the 
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reaction space and photocatalytic reaction centres [34]. 

In the present work, the decoration of CdS NPs over rGO sheets have better 
degradation ability compared to the pure CdS NPs. The photocatalytic activity of rGO-CdS 
nanocomposites for photodegradation of MB dye has been carried out with the help of UV- 
VIS spectrometer under UV light irradiation of 254 nm excitation wavelength. Fig. 6.8a 
shows UV-VIS spectra of the photodegraded MB dye with rGO-CdS nanocomposites after 
irradiation of mixed solution by UV light for 70 min at a regular interval of 10 min. The 
photodegradation efficiency of rGO, pure CdS NPs and rGO-CdS nanocomposites to 
degrade MB dye is analyzed by calculating C/Co ratio with the help of UV-VIS spectra, 
where C is the concentration of MB dye after the irradiation of UV light for time t and Co 
is the concentration before the irradiation of UV light. The calculated value of C/Co for the 
mixed solution is plotted with irradiation time and shown in Fig. 6.8b. It can be seen from 
Fig. 8b that there is no any significant change in the concentration of MB dye after the 
irradiation of UV light in the absence of photocatalysts. However, it can be observed that 
the MB dye is slightly degraded in the presence of rGO sheets due to its large adsorption 
ability. It suggests that the degradation of MB dye is resulted due to the mixing of rGO 
sheets as photocatalyst under UV light irradiation. The pure CdS NPs are found to exhibit 
relatively low photodegradation efficiency than that of rGO and rGO-CdS nanocomposites. 
It could be due to (i) the rapid recombination rate of e~ - h + pairs (ii) CdS NPs have 
tendency to aggregate due to instability that reduces the surface area and consequently the 
photocatalytic performance is also reduced. 



142 



CHAPTER - 6 



<il) 


rGO-CriS f\ 


— — 00 mln 




10 mm 




20 mm 




30 mln 




40 mm 




50 mln 

60 mm 




70 mm 










I 





— I— i— I— —I— I— I— |— —r— J— r— 
450 500 550 600 550 700 750 
Wavelength <nm) 



1 05 




• 10 20 30 40 SO 60 70 

Irradiation Time (mln) 



Fig. 6.8 (a) Absorption spectra of the solution of MB dye mixed with rGO-CdS 
nanocomposites under exposure of UV light (b) degradation of MB dye with rGO, pure 
CdS NPs and rGO-CdS nanocomposites as photocatalyst in terms of relative concentration 
(C/Co) of MB dye vs irradiation time. 

In order to overcome these problems and to improve the photocatalytic efficiency 
of pure CdS NPs, its decoration on rGO sheets may be a better option. It is obvious from 
Fig. 6.8b that the rGO-CdS nanocomposites revealed higher photodegradation of MB dye 
than that of pure CdS NPs and rGO sheets. The improved photodegradation activity of 
rGO sheets decorated with CdS NPs can be attributed to the large surface area of rGO 
sheets that provides a transport channel for fast transfer of excited electrons from CB of 
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CdS NPs to rGO sheets that further delay the recombination time of e~- h + pairs. The delay 
in recombination time provides appropriate time to OH~ (present in the aqueous solution) 
to take holes from the VB of CdS NPs to form more hydroxyl radicals (-OH) and 
accelerate the degradation process due to high oxidation potential for the oxidation of 
organic dye molecules [2]. The delay in recombination process is well supported by the 
results of PL spectra, as shown in Fig. 6.7. From PL spectra, it is obvious that the PL 
intensity of emission bands and full width at half of the maximum (FWHM) of rGO-CdS 
nanocomposites is relatively less than that of pure CdS NPs. It indicates that the 
recombination of photogenerated e~- h + pairs is efficiently obstructed by the growth of CdS 
NPs over rGO sheets. 

A schematic diagram to understand the charge transfer mechanism in rGO-CdS 
nanocomposites under UV light irradiation is shown in Fig. 6.9a. When aqueous solution 
of synthesized material is illuminated by the UV light in presence of water containing 
dissolved oxygen and organic molecules, the degradation of organic molecules takes place. 
The mechanism for the enhanced photocatalytic activity of CdS NPs decorated over rGO 
sheets is explained in terms of delay in recombination time of e~- h + pairs. After the 
irradiation of mixed solution by UV light, e~ of the VB are excited to CB of CdS NPs by 
leaving h + in the VB. In absence of rGO sheets, electrons of CB come down quickly to VB 
due to its short life time and instability of excited states that results less efficiency for 
photocatalytic activity of pure CdS NPs. Once rGO sheet is introduced to CdS NPs, it 
plays the role of electron acceptor and transporter to obstruct the recombination of 
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photogenerated e~- h pairs efficiently. As a consequence, more free charge carriers are 
available to form reactive species in the solution. The electrons of CB of CdS NPs can 
easily be transferred to carbon atoms of rGO sheets due to an intimate interfacial contact 
between rGO sheets and CdS NPs. An et al [33] has reported that the positions of CB and 
VB of CdS NPs are lying at - 4 eV and - 6.5 eV (used vacuum level as a reference), 
respectively whereas the work function of rGO is found reported to - 4.42 eV, which is 
just below to the position of CB of CdS NPs. Thus, when there is an intimate interfacial 
contact between rGO sheets and CdS NPs, the electrons of CB of CdS can easily be 
transferred to rGO and delay the recombination time of e~- h + pairs. Meanwhile, the %-% 
stacking interaction between rGO sheets and MB dye plays an important role in the 
adsorption of MB dye on the surface of rGO sheets [35]. In addition, MB dye molecules 
are also adsorbed on the surface of the CdS NPs. These adsorbed MB dye molecules on the 
surface of CdS NPs convert to MB* (excited state) [36]. After excitation by UV 
irradiation, MB* dye molecules directly inject electrons to the CB of CdS NPs and 
thereafter, the electrons move toward the rGO sheet (see Fig. 6.9b) due to higher work 
function of rGO than CdS NPs. These transferred electrons will react with dissolved O2 
molecules. As a result, the amount of oxygen peroxide radical O2" ~ is increased. On the 
other hand, h + of VB of CdS NPs are taken by OH derived from aqueous solution and 
formed -OH radicals that has high oxidation potential for the oxidation of organic dye 
molecule. These radical ions degrade the MB dye to small molecules such as; CO2 and 
H 2 0. 
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The detailed mechanism for the degradation of MB dye can be understood by the 
following steps: 

CdS + hv (E > Eg) -> CdS [h + (VB) + e" (CB)] 
0 2 +e" (CB)^0 2 '" 
H 2 0 + h + -> H + + OH" 
OH" + h + (VB) -> -OH 
MB + OH + 0 2 '~ -> C0 2 + H 2 0 + etc. 
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Fig. 6.9 (a) Schematic presentation of photodegradation of MB dye with rGO-CdS 
nanocomposites (b) energy diagram showing transfer of electron from MB dye to CdS NPs 
and rGO sheets. 
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6.3. 7 Magnetic properties 

In order to study the magnetic properties of pure CdS NPs and CdS NPs decorated over 
rGO sheets, VSM measurements have been done at room temperature under the applied 
magnetic field in the range of -15000Oe to +15000Oe. The diamagnetic signal of the 
sample holder was subtracted from the measured magnetic signal of the samples. The 
variation of magnetization vs. applied field for pure CdS NPs and rGO sheets decorated 
with CdS NPs are shown in Fig. 6.10a and 6.10b, respectively. The presence of hysteresis 
loop suggests that the synthesized CdS NPs and rGO-CdS nanocomposites are weak 
ferromagnetism. The presence of a nonzero coercivity also demonstrates the room 
temperature ferromagnetism (RTFM) behavior of the synthesized samples [37]. The value 
of coercivity (He) and saturation magnetization (Ms) for pure CdS NPs was found to be 
233 Oe and 0.03 emu/g, respectively. However, in case of rGO-CdS nanocomposites, the 
value of He and Ms was found to be 259 Oe and 0.01 emu/g, respectively. Thus, the value 
of He for pure CdS NPs is found to be slightly less than that of its value of rGO-CdS 
nanocomposites while the Ms value is slightly more than that of rGO-CdS 
nanocomposites. The increased value of He for rGO-CdS nanocomposites demonstrates 
that graphene based chalcogenide materials may be a prospective candidate for the high 
density information storage application [37]. The decreased Ms value for rGO-CdS 
nanocomposites compared to pure CdS NPs may be due to the presence of spin disorder on 
the rGO surface and surface oxidation [37]. The insets of Fig. 6.10a and 6.10b reveal an 
enlarged hysteresis loop for a smaller field range -500Oe to +500Oe. The presence of 
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ferromagnetism in pure CdS NPs is generally considered due to presence of crystal defects 
confined to the surface of NPs [38] that often grown on the boundary and surface of the 
synthesized NPs. Yang et al. [38] has suggested that the value of Ms strongly depends on 
the crystalline size of the sample and the concentration of sulfur vacancies. They reported 
that the value of Ms is decreased from 0.0187 to 0.0012 emu/g by increasing the crystallite 
size of CdS NPs from 4.0 to 5.5 nm. Further, it is also reported [39] that the sulfur 
vacancies play a vital role in developing RTFM in pure CdS NPs. Wang et al. [40] has 
reported that the RTFM in rGO may be attributed to itinerant electron magnetism rather 
than super exchange magnetic coupling interaction between spins like molecule-based 
magnets. A number of studies [40-41] had been done on magnetic behavior of rGO and in 
these studies it has been reported that the ferromagnetic behavior of rGO could be due to 
presence of various defects on rGO surface. Radovic et al. [42] has reported that the 
removal of functional group would introduce various defects such as; vacancies and 
topological defects on rGO surface with unpaired electrons, as spin units. The stability of 
unpaired electrons, as spin units, in these structures is mainly due to the large n- 
conjugation between the carbon atoms [40]. The origin of RTFM in rGO may be due to the 
nucleation of magnetic moment in the defective sp carbon samples. The GO has many 
functional group such as; C - O - C, C - OH, - COOH and C = O. The reduction of GO 
with hydrazine would remove some of the group and restore some of the damaged sp 
carbon conjugation during sample preparation. The long range ordered magnetic spin units 
present on the rGO surface are confined via intramolecular interaction/lattice interaction 
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between the rGO sheets, which results RTFM in rGO [38]. The decrease in Ms value for 
rGO-CdS nanocomposites compared to pure CdS NPs may be due to the intra-molecular 
interaction between the magnetic domains of CdS NPs and magnetic domains of spin units 
present on rGO sheets. The presence of intra-molecular interaction between the magnetic 
domains in case of CdS NPs decorated over rGO sheets causes to align the magnetic 
moments in same direction. As a result, the Ms value of CdS NPs decorated over rGO 
sheets turns out to be less than that of pure CdS NPs. A schematic presentation for the 
alignment of the magnetic domains of pure CdS NPs and rGO-CdS nanocomposites has 
been given in Fig. 6.11. As discussed above, pure CdS NPs and rGO sheets have RTFM 
due to presence of defects in their structures. Therefore, it is also expected that composites 
of both material should show RTFM. The defects in the synthesized sample of rGO and 
rGO decorated with CdS NPs can be verified by Raman spectra (Fig. 6.5) that contains a 
prominent D peak, which becomes active due to the presence of defects in the structures. 
Hence, graphene based CdS nanocomposites may be a proficient alternative for many 
important applications in spintronics, magneto-resistance and high memory storage devices 
etc [40]. 
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Fig. 6.10 (a) Room temperature M-H curve of pure CdS NPs (b) Room-temperature M-H 
curve of rGO-CdS nanocomposites. The inset in each figure shows M-H curves with 
applied field of -500 Oe < H < +500 Oe. 
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Fig. 6.11 Mechanism of RTFM in pure CdS NPs and rGO-CdS nanocomposites. 
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6.4 Conclusion 

CdS NPs, rGO and rGO decorated with ferromagnetic CdS NPs have been synthesized 
using a facile in-situ solvothermal method. The in-situ solvothermal method is very 
effective to decorate well dispersed and stable CdS NPs. It has been observed that the GO 
serves as an excellent precursor for the in-situ growth of rGO-CdS nanocomposites. The 
decrease in the intensity of emission bands of rGO-CdS nanocomposites suggests the 
efficient transfer of electrons from CdS NPs to rGO sheets that restricts the recombination 
of e~- h + pairs compared to pure CdS NPs. This effect can improve the photocatalytic 
activity of pure CdS NPs for photodegradation of MB dye. The as prepared rGO-CdS 
nanocomposites have good stability and better performances for the photodegradation of 
MB dye under UV light irradiation. The increase in the photodegradation efficiency can be 
attributed to the presence of rGO sheets that effectively delays the recombination of e~- h + 
pairs and successfully stabilize CdS NPs. The magnetic study reveals that the coercivity of 
rGO-CdS nanocomposites is increased than that of pure CdS NPs. It suggests that the 
incorporation of rGO to CdS NPs has made it a suitable candidate for application in high 
memory storage device. 
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oxide decorated with highly dispersed 
ferromagnetic cadmium oxide nanoparticles for 
enhanced photocatalytic degradation of 
methylene blue dye under ultraviolet irradiation 
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In this chapter, one pot in-situ synthesis of cadmium oxide (CdO) 
nanoparticles (NPs), reduced graphene oxide (rGO), and rGO-CdO 
nanocomposites using hydrothermal method has been reported. The 
photocatalytic activity of the synthesized products is investigated for the 
photodegradation of methylene blue (MB) dye under ultraviolet irradiation. 
The structural and optical properties of pure CdO, rGO, and rGO-CdO 
nanocomposites were investigated by X-ray diffraction (XRD), energy 
dispersive X-ray (EDX) spectrometer, high resolution transmission electron 
microscopy (HR-TEM), Raman spectroscopy (RS), ultraviolet-visible (UV- 
VIS) spectroscopy and photoluminescence (PL) spectroscopy 
measurements. The room temperature photocatalytic measurements showed 
that 80% of MB dye is degraded by adding the rGO-CdO nanocomposites 
as a catalyst to the dye solution. The room temperature ferromagnetism 
(RTFM) of CdO NPs is increased by decorating them over rGO sheets, 
which may be attributed to the short range magnetic interaction between 
magnetic moments of CdO NPs and spin units present on the rGO sheets. 
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7.1 Introduction 

Graphene is a two dimensional (2D) single layer of carbon atoms [1]. It has been 
established as a novel material due to its extraordinary large surface area (2,630 m /g) [2], 
high electron mobility (200,000 cm 2 /Vs) [3], high thermal conductivity (-5,000 W/mK) 
[4], excellent mechanical stability (Young's modulus -1,100 GPa and fracture strength 
125GPa) [5] and interesting transport phenomena such as; the quantum Hall effect [6]. 
These exceptional features of graphene have made it a promising candidate to be used in 
various fields of technology such as; energy storage [2], liquid crystal devices [7], 
transparent electrodes [8] and electromechanical resonators [9]. The Vander Waals and n-n 
stacking interactions lead to a restacking tendency among individual graphene sheet during 
reduction. It is easy to obtain few layers graphene rather than single layer graphene. The 
restacked structure would lead to a great loss of effective surface area of graphene, which 
limits the wide applications of graphene for advancement of future technology [10]. The 
aggregation problem can be minimized by decreasing n-n stacking interaction through 
incorporation of nanoparticles on graphene sheets [11]. 

Cadmium oxide (CdO) is an n-type metal oxide semiconductor with a direct band 
gap of 2.3 eV and an indirect band gap of 1 .36 eV [12]. Recently, CdO nanoparticles (NPs) 
have attracted considerable attention from the scientific community due its potential 
applications in solar cells, flat-panel display and developing new sensing devices [12]. It 
can also be used as an alternative for electrode material [13]. Graphene based low 
dimensional metal oxide nanocomposites have been emerged as a rising star on the horizon 
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of materials science. It has attracted a lot of attention to the world wide scientists due to its 
ability to combine the properties of graphene and metal oxide NPs. In addition to the 
technological application, the graphene based metal oxide nanocomposites have been now 
considered as a promising material due to its unique properties and great potential for 
application in many areas of science and technology, particularly to solve the problems of 
energy crisis and environmental issues [11,14]. 

Aromatic pollutants are widely present in the effluent from the pesticide, 
photochemical and other industries and due to its high solubility in water, it can easily be 
transported to environment and may cause serious problem to our health. Recently, a great 
effort has been made to decompose organic pollutants in waste water by advanced 
oxidation process such as; photocatalytic, electrocatalytic, and Fenton oxidation method 
[15]. The removal of dyes from polluted streams is essential to avoid any hazardous and 
harmful effects towards environment and human health. The graphene has been evolved as 
a promising candidate for constructing high performance photocatalysts due to its unique 
structure, electronic and physicochemical properties. Different types of metal oxide 
semiconductor such as; tin oxide (SnCh) [16], titanium oxide (TiCb) [17] and its 
nanocomposites with reduced graphene oxide (rGO) [18] have been widely used to 
degrade different types of organic molecules. For enhanced photocatalytic activity, 
generally, narrow optical band gap (2.0 - 4.0 eV) semiconductors are used. However, in 
best of our knowledge, the synthesis of rGO-CdO nanocomposites has not been reported 
yet. The investigation on different properties of rGO-CdO nanocomposites should be 
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encouraged to enlighten hidden potential of material by combining both, graphene and 
CdO NPs for the advancement of future technology, particularly in the area of 
photocatalysis. 

I have selected CdO to make rGO-CdO nanocomposites due to its small band gap 
compared to other metal oxides such as; Ti02 (3.0 eV) [19], zinc oxide (ZnO) (3.4 eV) 
[20], and SnC>2 (3.6 eV) [16]. The small band gap energy of CdO has made it to overcome 
the need of irradiation of any kind (ultraviolet or visible) radiation for the degradation of 
dye in aqueous solution through photocatalysis. In photocatalysis, the electron of valence 
band (VB) is excited to the conduction band (CB) by absorbing the photons incident on it 
and the excited electron is responsible for the dissociation of water molecules to form free 
hydroxyl radicals (OH~), which is further responsible for the mineralization of organic 
pollutants [21]. But, the rapid recombination of electron (e~) - hole (h + ) pairs limits the 
charge separation and causes to decrease the photodegradation efficiency of the metal 
oxide NPs [22]. In order to get best photocatalytic performance of CdO NPs, rGO may be 
tried to use as a support material. The rGO has superior characteristics such as; high 
conductivity and high specific surface area, which are crucial parameters for separating the 
charges of excited state semiconductors. It causes to decrease the recombination rate of e~- 
h + pairs [22]. The excited electrons of semiconducting materials can be stabilized in the 
network of carbon atoms and further by reacting with the dissolved oxygen, it generates 
oxidative radicals for photodegradation [22]. Therefore, a variety [18]of graphene based 
metal oxide nanocomposites, as photocatalysts, has been developed for the degradation of 
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organic and inorganic pollutants. 

In view of the above studies on synthesis of graphene based metal oxide 
nanocomposites and its application in different fields of science and technology, particular 
to the field of photocatalysis, I have synthesized rGO-CdO nanocomposites to show photo 
sensitizer role of rGO sheets on CdO NPs. In order to ensure the strong interfacial contact 
between rGO sheets and CdO NPs for fascinating the transfer of electrons between rGO 
sheets and NPs upon light irradiation, the CdO NPs are in-situ grown over the rGO sheets 
via a simple and low cost hydrothermal method. In the present study, it has been found 
that the introduction of rGO sheets enhances the photocatalytic activity of CdO NPs 
significantly. Compared to the pure CdO NPs, the rGO-CdO nanocomposites showed 
enhanced photocatalytic efficiency and photostability of CdO NPs for the degradation of 
methylene blue (MB) dye under ultraviolet (UV) irradiation. Therefore, it is believed that 
pure CdO NPs and its nanocomposites with rGO have a great potential to solve 
environmental problems such as; water treatment and degradation of long organic 
molecules. The structural, morphological and elemental analysis of the synthesized 
nanocomposites was studied by XRD, HR-TEM and EDX analysis. The optical properties 
of the synthesized products were investigated by UV-VIS, PL and Raman spectroscopy 
techniques. The magnetic properties of pure CdO NPs and rGO-CdO nanocomposites were 
also investigated at room temperature by VSM measurements. 
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7.2 Experimental Techniques 
7.2.1 Synthesis 

In the present work, one step facile in-situ hydrothermal method has been used to prepare 
GO-CdO nanocomposites using GO as precursor for rGO, and cadmium acetate, as 
precursor for CdO. N2H4 was used to convert GO into rGO with formation of CdO NPs 
simultaneously on rGO sheets. Graphical illustration of synthesis of CdO NPs over rGO 
sheets is shown in Fig. 7.1. The hydrothermal is an effective and in-situ approach for the 
fabrication of rGO based semiconductor nanocomposites with unique advantage over other 
existing synthesis methods. In this method, the mixed solution of functionalized GO and 
metal salts as precursors for rGO and metal compound, respectively, are loaded with 
reducing agent in an autoclave for thermal treatment. During thermal treatment, rGO based 
semiconductor nanocomposites are produced simultaneously by converting GO into rGO. 
The presence of oxygen containing functional groups like epoxy, carbonyl, carboxyl and 
hydroxyl on GO are responsible for anchoring uniform and monodispersed attachment of 
CdO NPs on rGO sheets without agglomeration [23]. 
7.2.1.1 Synthesis of GO 

GO was synthesized using an improved method [24] with some modifications. In general, 
a mixture of concentrated H2SO4 (360 ml) and H3PO4 (40 ml) was prepared in a conical 
flask. The graphite powder (3gm) was mixed slowly into the mixed solution of 
concentrated H2SO4 and H3PO4 while stirring. The homogeneous solution was made by 
vigorous stirring for 15 minutes. Thereafter, the conical flask containing homogeneous 
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solution of concentrated H2SO4/H3PO4 and graphite was kept in a water bath and 18gm of 
KMn04 was added very slowly under vigorous stirring at 35°C. After mixing of KMnC>4, 
the water bath was removed and the resultant solution was then heated to 55 °C and stirred 
it for 12 h to complete the oxidation process of graphite. During oxidation reaction, the 
color of the mixed solution turns out to be dark purplish-green to dark brown. The reaction 
was cooled to room temperature after vigorous stirring for 12 h and poured ice (~ 400 ml) 
into the solution, which again produces exotherm by showing purple color of the mixed 
solution. To stop the oxidation process, 30% H2O2 solution was added gradually till the 
color of the mixed solution turned to bright yellow. It indicates a high oxidation level of 
graphite. The obtained slurry was centrifuged at 4000 rpm for 1 h, and the supernatant was 
removed. The precipitate was then washed with 200 ml of water, 200 ml of 30% HC1, and 
200 ml of ethanol in succession until pH of the solution turns out to be 5. The remaining 
solid materials were then dried overnight at 40°C. The obtained brown solid powder of GO 
was collected and stored for further use. 
7.2.1.2 Synthesis of rGO 

rGO was synthesized by a facile one step in-situ hydrothermal method. In a typical 
experiment, as synthesized brown solid powder of GO (0.02 mg) was first dispersed into 
40ml double distilled water under mild stirring. The dispersed GO was then exfoliated by 
using ultrasonication for 1 h. \0\il N2H4 was added drop wise into the above mentioned 
solution under ultrasonication. Thereafter, the solution was transferred to a 50 ml of Teflon 
lined autoclave and heated at 160°C for 12 h. The autoclave was then cooled to room 
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temperature. Now, the obtained precipitate was washed with double distilled water and 
ethanol until the pH of solution turns out to be 5. The remaining solid materials was dried 
at 60 °C and the resulting black powder of rGO was collected for further use. 

7.2.1.3 Synthesis ofCdO NPs 

CdO NPs were also synthesized by one step in-situ hydrothermal method. For synthesizing 
CdO NPs, 0.533gm (0.05M) of Cd(CH 3 COO) 2 .2H 2 0 was mixed in 40 ml of deionized 
water and stirred the resultant solution to make it homogeneous. Further, 10(0,1 N2H4 was 
added slowly to the resultant solution under vigorous stirring. The resultant solution was 
then kept for further stirring for lh. Thereafter, the solution was transferred to a 50 ml of 
Teflon lined autoclave and heated at 160°C for 12 h. The autoclave was then cooled to 
room temperature. Now, the obtained precipitate was washed with double distilled water 
and ethanol until the pH of solution turns out to be 5. The remaining solid material was 
dried at 60 °C followed by calcinations at 400°C for 2h. The resulting brown powder of 
CdO NPs was collected for further use. 

7.2.1.4 Synthesis of rGO decorated with CdO NPs 

In order to synthesize rGO decorated with well dispersed and stable CdO NPs (rGO-CdO 
nanocomposites), in-situ hydrothermal method is used. In a typical synthesis of rGO-CdO 
nanocomposites, 0.02gm of GO was first dispersed in 40 ml of deionized water and stirred 
it to make homogeneous solution. The dispersed GO was then exfoliated by using 
ultrasonication for 1 h, and then 10[xl N2H4 was added drop wise into the solution under 
ultrasonication. Thereafter, 0.533g (0.05M) of Cd(CH 3 COO) 2 .2H 2 0 was added slowly into 
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the prepared solution under vigorous stirring. The resultant solution was then kept for 
further stirring until the solution was mixed uniformly. Thereafter, the solution was 
transferred to a 50 ml of Teflon lined autoclave and heated at 160°C for 12 h. The 
autoclave was then cooled to room temperature. Now, the obtained precipitate was washed 
with double distilled water and ethanol until the pH of solution is reached to 5. The 
remaining solid material was dried at 60°C followed by calcinations at 400°C for 2h. The 
dried blackish brown powder was then characterized using different experimental 
techniques. 




Fig. 7.1 Graphical illustration of the synthesis of rGO-CdO nanocomposites. 
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7.2.2 Characterization 

The structural features of pure CdO NPs and rGO-CdO nanocomposites have been 
investigated by XRD using Rigaku Smart Lab X-ray diffractometer (CuKa radiation). The 
shape and size of CdO NPs decorated over rGO sheets were investigated by HR-TEM 
measurements using Tecnai G20 S-Twin. The elemental analysis is done using a Leo 1530 
VP field emission electron microscope. The optical absorption and emission properties of 
pure CdO NPs and rGO-CdO nanocomposites were investigated using UV-VIS 
(PerkinElmerLambda35 UV-VIS spectrometer) and PL spectroscopy (PerkinElmerLS55 
Fluorescence spectrometer), respectively. The absorbance spectra were recorded in the 
spectral range 200-800 nm whereas the emission spectra were recorded in the spectral 
range350-550 nm. The Raman spectra of the synthesized products were recorded in the 
spectral range 150-2700 cm" 1 to explore structural as well as optical properties of prepared 
products using Renishaw invia Raman spectrometer. VSM measurements were done to 
explore magnetic properties of the as prepared samplesusing VSM (ADE-DMS, model 
EV-7USA). Besides this, photocatalytic activity of pure CdO NPs, rGO and rGO-CdO 
nanocomposites was also investigated for the degradation of MB dye under UV light 
irradiation. 

7.2.3 Photocatalytic activity 

The photo degradation of MB dye was evaluated under UV light irradiation of wavelength 
254 nm using UV-VIS absorption measurements. For photocatalytic activity 
measurements, 50 mg of rGO-CdO nanocomposites, as a photocatalyst, was dispersed in 
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50 ml of 10" 5 M aqueous solution of MB dye. The obtained dispersion was stirred in the 
dark for 30 min to achieve adsorption equilibrium with dye molecules. Thereafter, the final 
solution was irradiated with UV light of wavelength 254 nm with mercury lamp for 
photodegradation. The UV-VIS absorption spectra of the exposed solution were recorded 
at regular interval of time to determine the residual concentration of degraded MB dye. 
7.3 Results and Discussion 
7.3.1 XRD 

In order to determine the crystalline structure and phase of the synthesized products, XRD 
measurements were done. The XRD patterns of GO, rGO, pure CdO NPs and rGO-CdO 
nanocomposites are shown in Fig. 7.2a-d. The broad and intense peak of GO at 20 = 9.51° 
correspond to reflection from (002) crystal plane. The interlayer spacing (0.923 nm) of GO 
was found to be much larger than that of graphite (0.336 nm). It may be due to the 
attachment of oxygen containing functional group with the graphite sheets [25]. The 
oxygen based functional group attached at both sides of the graphite sheets create atomic 
defects in the graphite structure and tend to exfoliate it to a few layer of GO in an aqueous 
medium. The diffraction peak of rGO was found at 20 = 25.5° corresponding to (002) 
plane and the peak corresponding to (002) plane of GO is almost disappeared. It indicates 
the successful reduction of GO to rGO [26]. The interlayer spacing of rGO is found to be 
0.353 nm, which is slightly higher than that of graphite (0.336 nm). It indicates there 
restoration of destroyed network of carbon atoms after reduction. The diffraction peaks of 
rGO-CdO nanocomposites are same as those observed for pure CdO NPs at -32.98°, 
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-38.27°, -55.26°, -65.91°, -69.24° originated due to reflection(lll), (200), (220), (311), 
(222) planes of cubic phase of CdO (JCPDS No. 73-2245). The sharp intensity of 
diffraction peaks of pure CdO NPs and rGO-CdO nanocomposites suggest that the 
synthesized products have high crystallinity. No such peak corresponding rGO has been 
detected in XRD spectra of the nanocomposites. It further suggests that the GO was 
successfully reduced [27]. The (11 1) peak of nocomposites is relatively broader than that of 
pure CdO NPs. The broadening of (111) peak suggests that the lattice structure of CdO is 
distorted by interaction with rGO sheets. The crystallite size of CdO NPs decorated over 
rGO sheets was calculated using Scherrer formula and its average value of size is found to 
be - 5 nm. 
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Fig. 7.2 XRD patterns for (a) GO (b) rGO (c) CdO NPs and (d) rGO-CdO nanocomposites. 
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7.3.2 HR-TEM and EDX 

The hetero-structures of synthesized nanocomposites were verified by HR-TEM 
measurements. HR-TEM micrographs of rGO-CdO nanocomposites taken at different 
resolutions are shown in Fig. 7.3a-f. These micrographs show that the CdO NPs are well 
dispersed on rGO sheets. It can also be seen that the CdO NPs occupy most of the 
available surface area of rGO sheets, giving much higher loadings of CdO NPs in the 
nanocomposites. As seen in the Fig. 7.3a, the average size of the CdO NPs is calculated to 
be ~5 nm. It is also obvious that CdO NPs are intimately enveloped on rGO layers with 
visible wrinkles. These visible wrinkles suggest that the rGO sheets are composed of single 
or few layers [27]. This type of interfacial contact is favorable for effective charge transfer 
that restricts the fast recombination of e~ and h + . I believed that such well anchored CdO 
NPs on rGO surface could prevent the restacking of rGO layers and enhance the stability 
of rGO sheets [27]. This property of rGO-CdO nanocomposites is quite useful for 
optoelectronics and photocatalytic applications. Additionally, the SAED pattern, as shown 
in Fig. 7.3g, shows that the formed rings belong to cubic structure of CdO, which is in 
good agreement with the XRD results. The elemental analysis of the nanocomposites was 
carried out by EDX spectra. EDX spectra, as shown in Fig. 7.3h, confirm that the 
synthesized samples are impurity free and only three intense peaks were observed. These 
peaks correspond to constituent elements of rGO-CdO nanocomposites like carbon (C), 
cadmium (Cd) and oxygen (O) atoms. The histogram, as shown in Fig. 7.3i, suggests that 
the particle size distribution of CdO NPs on rGO sheets is narrow with the average particle 



166 



CHAPTER - 7 



size of ~ 5 nm. This result is consistent with the value calculated using XRD data. All 
these experiments authenticate explicitly that CdO NPs have been successfully decorated 
over the rGO sheets. 




Fig. 7.3 (a-f) HR-TEM image of rGO-CdO nanocomposites, (g) SAED pattern of rGO- 
CdOnanocomposites (h) EDX spectrum of rGO-CdO nanocomposites (i) histogram of 
particle size distribution of CdO NPs decorated over rGO sheets. 
7.3.3 Raman spectroscopy 

Raman spectroscopy is a very convenient and nondestructive technique for the 
characterization of carbon based materials [28]. Fig. 7.4 shows the Raman spectra of GO 
(black), rGO (red), pure CdO NPs (green) and rGO-CdO (blue) nanocomposites recorded 
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in the spectral range 150-2700 cm" 1 . The Raman spectra of GO show two bands at -1343 
and -1598 cm -1 that correspond to D and G bands of graphite, respectively. While in rGO, 
these two bands are appeared at -1328 and -1573 cm -1 . The shifting in peak position of D 
and G bands in rGO as compared to GO suggests the structural change of the synthesized 
material after reduction. The G peak corresponds to the E2 g phonon at the Brillouin zone 
center whereas the D peak corresponds to the breathing modes of sp atoms and requires a 
defect for its activation. However, the most prominent feature in rGO is the appearance of 
second order 2D band at -2658 cm -1 [28]. The 2D band is originated due to double 
resonance process. The position and shape of the 2D band are key parameters to 
investigate the number of layers in GO and rGO. The sharp nature of 2D band at -2658 
cm -1 indicates more contribution from single layered sheet in the prepared samples [29]. 
From Raman spectra, as shown in Fig. 7.4, it is found that the intensity ratio, ID/IG of rGO 
(1.04) is higher than that of GO (0.98). This implies that the average size of sp domain is 
decreased upon reduction of GO into rGO. It confirms the formation of pores (as defects 
and disorders) in the rGO layers. Further, the intensity ratio I2D/IG (0.14) of rGO is 
decreased than that of GO (0.38), which suggests that the GO is highly reduced to rGO 
[27]. Raman spectrum of pure CdO NPs shows Raman bands at -297, -387 and -832 
cm -1 . Kumar and Ojha [12] has reported that the Raman bands at -297 and -387 cm -1 are 
assigned to 2TA(L) and 2LA(L) mode. The Raman peak appeared at -387 cm -1 may be 
due to high two phonons density of states in the spectral range 300-450 cm -1 and it may 
probably arise from 2LA overtones at different high symmetry points of the Brillouin zone. 
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According to selection rules, both TO and LO modes are dipole forbidden and therefore all 
features in the spectrum can be attributed to second order Raman scattering process. The 
Raman peak appeared at ~ 832 cm" 1 is assigned to 2LO (L) [30]. Besides, characteristics 
Raman features corresponding to rGO, Raman spectra of rGO-CdO nanocomposites show 
only one broad Raman peak at -387 cm -1 . It is attributed to the CdO NPs decorated over 
the rGO sheets. This is in good agreement with HR-TEM results where CdO NPs are well 
anchored on rGO surface. The remarkable shift in D band of rGO-CdO nanocomposites 
may be due to softening of the optical phonons resulting due to the decoration of well 
dispersed CdO NPs over the surface. The higher ID/IG ratio (1.17) in rGO-CdO 
nanocomposites than that of GO (0.98) and rGO (1.04) indicates that the average size of 
sp domain is decreased in rGO-CdO nanocomposites. 

GO 
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Fig. 7.4 Raman spectra of GO (black), rGO (red), CdO NPs (green) and rGO-CdO 
nanocomposites (blue). 
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7.3.4 UV-VIS spectroscopy 

From the well packed structure of sp bonded carbon atoms of rGO, it is expected that the 
rGO-CdO nanocomposites will absorb delocalized % bond of the organic compounds in the 
aqueous solution. Once the light is absorbed by the rGO-CdO nanocomposites, the organic 
compounds could be degraded by the photocatalytic activity of CdO NPs decorated over 
the rGO sheets. In order to understand the absorption behavior of the synthesized products, 
UV-VIS absorption spectra of rGO, pure CdO NPs and rGO-CdO nanocomposites have 
been recorded in the spectral range 200-800 nm and shown in Fig. 7.5. The absorption 
spectrum of rGO shows two prominent peaks at -228 and -258 nm. A similar type of 
additional peak at -223 nm along with characteristic absorption peak at -265 nm had also 
been observed for rGO in earlier study [31]. The absorption peak observed at -258 nm is 
blue shifted by 7 nm compared to its reported value in rGO. The blue shifting of absorption 
peak is generally attributed to the excitation of 7i-plasmon of graphitic structure [31]. It 
may also be due to number of graphene layers present in the rGO sheets. The additional 
peak at -228 nm may be due to oxygen containing functional group present in rGO. It 
could also be confirmed by the presence of D band in the Raman spectra of rGO (see Fig. 
7.4). It is reported that the Raman spectra of high quality rGO do not show D band 
[32]. The bulk CdO is a semiconducting material with direct band gap of 2.3 eV (539 nm) 
and indirect band gap of 1.36 eV (912 nm) [12]. The absorption spectra of pure CdO NPs, 
as shown in Fig. 7.5, show two absorption peaks at - 232 and -278 nm. The absorption 
peak at -232 nm may be due to inter band transition from deep level electrons of VB while 
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the peak at -278 nm is due to quantum confinement effect. These two absorption peaks 
show blue shift compared to its position in bulk CdO. The blue shift of the absorption peak 
compared to bulk CdO can be explained by the theory of effective-mass approximation 
developed by Brus [33]. In another study, it is reported that the absorption between 250 and 
350 nm may be due the ligand-to-metal charge-transfer transitions [12]. The UV-VIS 
absorption spectra reported in previous study [34] on II- VI semiconductor nanostructures 
indicate that the shoulder exciton peak is associated with the size distribution of NPs. It is 
obvious by looking at Fig. 7.5 that the position of absorption peaks for rGO-CdO 
nanocomposites is almost same as the peak position of pure CdO NPs. The broadening in 
the absorption peaks of rGO-CdO nanocomposites revealed a strong coupling between 
rGO sheets and CdO NPs. 
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Fig. 7.5 UV-VIS spectra of rGO (black), CdO NPs (red) and rGO-CdO nanocomposites 
(green). 
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7.3.5 PL spectroscopy 

The PL spectroscopy of the synthesized products was performed at room temperature to 
study the emission behavior of the samples excited by 320 nm wavelength. The PL spectra 
of pure CdO NPs and rGO-CdO nanocomposites excited by 320 nm excitation wavelength 
are shown in Fig. 7.6. The PL spectrum of as prepared pure CdO NPs shows two emission 
bands at -410 and -430 nm. .A broad shoulder band at -460 nm was also observed in the 
PL spectra of both, pure CdO NPs and rGO-CdO nanocomposites. The shape and position 
of the emission band at -410, -430 and -460 nm of rGO-CdO nanocomposites are same as 
that of pure CdO NPs except the change in intensity. It may be due the fact that both, pure 
CdO NPs and rGO-CdO nanocomposites are prepared by hydrothermal method at same 
conditions [35]. The emission peak at - 430 nm might be attributed to the combination of e~ 
from the CB and h + from the VB [36] whereas the emission peak at -410 nm is assigned to 
band edge or near band edge emission [34]. Dong and Zhu [34] has reported that the CdO 
NPs show strong emission peak at - 400 or - 460 nm, depending on the particle size under 
excitation wavelength of 350 nm. The broad intense peak at - 460 nm is attributed to the 
surface-state emission or deep trap emission [34] .It has been found that the PL intensity of 
rGO-CdO nanocomposites is decreased in comparison to intensity of pure CdO NPs. It 
suggests that the decrease in intensity may be due to interfacial charge transfer from CdO 
NPs to rGO sheets. It also provides an additional channel to transport charge carriers 
[35]. The decrease in full width at half of the maximum (FWHM) for rGO-CdO 
nanocomposites compared to pure CdO NPs indicate the enhancement of recombination 
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time of e -h pairs. This property of rGO-CdO nanocomposites may be useful for 
optoelectronics and photodegradation of organic compounds. 
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Fig. 7.6 PL spectra of CdO NPs (black) and rGO-CdO nanocomposites (red) excited at 320 
nm. 

7.3. 6 Magnetic properties 

In order to see the magnetic behavior of pure CdO NPs and rGO-CdO nanocomposites, 
VSM measurements of synthesized samples have been done at room temperature under the 
applied magnetic field in the range of -15000 Oe to +15000 Oe. The diamagnetic signal 
coming from the sample holder was subtracted from the measured magnetic signal of the 
samples. The variation of magnetization vs. applied field for pure CdO NPs and rGO-CdO 
nanocomposites is shown in Fig. 7.7a and 7b, respectively. I have observed hysteresis loop 
for pure CdO NPs, as shown in Fig. 7.7a. Interestingly, the presence of hysteresis loop is 
also observed for the CdO NPs decorated over rGO sheets (see Fig. 7.7b). The insets of 
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Fig. 7.7a and 7.7b are the enlarged hysteresis loop. The presence of hysteresis loop for 
pure CdO NPs and CdO NPs decorated over rGO sheets indicates the RTFM nature of 
these samples. The presence of non zero coercivity also demonstrates the weak 
ferromagnetic behavior of the synthesized samples [37] .With the help of hysteresis loop, 
the value of coercivity (He) and saturation magnetization (Ms) for pure CdO NPs was 
calculated to be 239 Oe and 0.021emu/g, respectively. However, in case of rGO-CdO 
nanocomposites, the value of He and Ms turns out to be 2330e and 0.034emu/g, 
respectively. The presence of He for rGO-CdO nanocomposites demonstrates that the rGO 
based materials may be a prospective candidate for application in storage of high density 
information [37]. The increased value of Ms for rGO-CdO nanocomposites compared to 
the pure CdO NPs may be due to the interaction of magnetic domains of CdO NPs with 
spin units present on the rGO sheets. The interaction of magnetic domains of CdO NPs 
with spin units present on the rGO sheets is shown schematically in Fig. 7. 8. Wang et al. 
[38] had reported the presence of RTFM for graphene. The presence of RTFM in graphene 
may be attributed to itinerant electron magnetism rather than super exchange magnetic 
coupling interaction between spins like molecule-based magnets [38]. A number of studies 
[38-39] had been done on magnetic behavior of graphene and it had been reported that the 
RTFM could be originated due to various defects present in the graphene structure. 
Radovicet al. [40] has reported that the removal of functional group would introduce 
various defects such as; vacancies and topological defects on graphene structure with 
unpaired electrons as spin units which induced magnetic behavior in graphene. The 
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stability of unpaired electrons, as spin units, in these structures is possible mainly due to 
the large 7r-conjugation between the carbon atoms [38]. Thus, the possible origin of 
ferromagnetism may be credited to spin units existing as defects in the graphene sheets. 

The bulk CdO is a diamagnetic material at room temperature. However, in the 
present study the CdO NPs show weak ferromagnetic nature at room temperature. The 
RTFM of metal oxide based NPs such as; ZnO [41], Sn0 2 [42]and Ce0 2 [43] has been 
observed and well studied by several research groups. Sundaresan et al. [44] had explained 
the origin of ferromagnetic nature in oxide based NPs in terms of exchange interactions 
between localized electron spin moments resulting from oxygen vacancies at the surface of 
nanoparticles. It has been suggested that the ferromagnetism may be a universal 
characteristic of metal oxides nanoparticles. However, the above explanation for presence 
of RTFM in metal oxides NPs could only be applicable to the metal elements which have 
unpaired spin in their outermost shell. The unpaired spin may induce weak ferromagnetic 
nature in the absence of oxygen vacancies at the surface of the nanostructures. However, in 
the present report, the RTFM nature of CdO NPs could not be explained on the basis of 
oxygen vacancies since the Cd atom does not have unpaired electron in their outer most 
shell and thus the same explanation could not be used for such systems. In order to explain 
the weak ferromagnetic nature of CdO NPs, I proposed a scheme for filling of electrons in 
the different electronic states of CdO. The proposed scheme is shown in Fig. 7.9. As per 
scheme, there are two possibilities for filling of two valence electrons as donated by the Cd 
atom to p orbital of O atom (i) both electrons may occupy the electronic states in the 2p 
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orbital of oxygen atom such that the total spin becomes zero (S=0), called singlet state (ii) 
one electron may go to 2p orbital and another may go to 3s orbital of oxygen atom making 
total spin one (S=l), called triplet state. The density functional calculations (DFT) shows 
that the structural energy of CdO in S=l state is 0.46 eV lowered than that of S=0 state. 
Thus, on the basis of results obtained from the DFT calculations, one can say that the 
scheme (ii), where S=l, is energetically most possible way for the formation of CdO. As I 
know that the magnitude of spin multiplicities, 2S+1, for the clusters resulting considerable 
variations in the magnetic moment. The magnetic moment of any molecule/clusters is 
related with the spin by the expression |o=2S|j,b, where [Ib is the Bohr magneton. Since the 
CdO is formed under scheme (ii), where S=l, therefore according the expression jo, =2S[Xb, 
CdO exhibits weak ferromagnetic behaviour, as I have observed experimentally. Thus, it 
is expected that interaction of magnetic moments of pure CdO and spin units present over 
graphene is mainly responsible for inducing RTFM in rGO-CdO nanocomposites. 
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Fig. 7.7 M-H curve of (a) CdO NPs (b) rGO-CdO nanocomposites. The inset of each 
figure shows the corresponding M-H curve for applied field - 400 Oe < H < + 400 Oe. 
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Fig. 7.9 A scheme for distribution of electrons in different electronic states of CdO. 
7.3.7 Photocatalytic degradation of MB dye 

The photocatalytic activities of pure CdO NPs and rGO-CdO nanocomposites have been 
evaluated using the degradation of MB dye in aqueous solution under UV light irradiation. 
Compared to pure CdO NPs, rGO-CdO nanocomposites exhibit enhanced photocatalytic 
activity. The characteristic absorption peak of MB dye at -664 nm is selected to monitor 
the photodegradation process. Fig. 7.10a-b shows the degradation of MB dye with pure 
CdO NPs and rGO-CdO nanocomposites under UV light of wavelength 254 nm. In order 
to estimate the residual concentration of MB dye after photodegration, the ratio C/Co is 
calculated and plotted with reaction time where Co and C are the concentrations of MB dye 
at t=0 and at any time t, respectively. The plot of C/Co with reaction time for rGO, pure 
CdO NPs and rGO-CdO nanocomposites is shown in Fig. 7.10c. From Fig. 10c, it is clear 
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that after exposing the mixed solution of MB dye and photocatalysts such as; CdO NPs, 
rGO and rGO-CdO nanocomposites by UV radiation for 110 min, the pure CdO NPs 
degrade the MB dye up to 65% while the dye solution mixed with rGO-CdO 
nanocomposites degrade the MB dye up to 80%. Thus, it is quite evident by looking at the 
experimental results that the incorporation of rGO has a significant influence on enhancing 
the photocatalytic activity of pure CdO NPs. This result confirms that the pure CdO NPs 
has intrinsic photocatalytic activity under UV light irradiation and its photocatalytic 
activity may be enhanced by decorating them on rGO sheets. The degradation of MB dye 
is almost negligible in absence of photocatalysts such as, pure CdO NPs or CdO NPs 
decorated over rGO sheets. However, MB dye was found to be slightly degraded in the 
presence of rGO due to its light adsorption ability originated by n-n stacking interaction 
between rGO sheets and MB dye molecule [45]. 

The degradation mechanism of the MB dye with pure CdO NPs and rGO-CdO 
nanocomposites under UV light irradiation is shown in Fig. 7.11. When mixed solution of 
dye and photocatalyst is exposed to UV light with excitation wavelength 254 nm, which 
has a photon of energy equal or greater than the band gap energy (4.5 eV) of the CdO NPs, 
electron (e~) of VB is excited to the CB of CdO NPs by inducing a hole (h + ) in the VB. The 
excited e~ will react with adsorbed O2 molecules and forms O2" ~ radicals. On the other 
hand, the if of VB of CdO NPs are taken by OH derived from the aqueous solution and 
consequently -OH radicals are formed in the mixed solution. These radicals, (O2" and -OH) 
act as oxidizing agent in the solution. These radicals react with MB dye and decompose it 
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into CO2, H2O and other small molecules. The recombination time of e~- h pairs is faster 
for pure CdO NPs. The fast recombination of e~-h + pairs slowed down the degradation 
process. The incorporation of rGO sheets to CdO NPs prolonged the recombination 
process of e~-h + pairs and as a consequence, the degradation of MB dye is enhanced 
significantly. In fact, in rGO-CdO nanocomposites, the rGO sheets act as electron acceptor 
and transporter of electrons due to nice interfacial contact between rGO sheets and CdO 
NPs. As a result, the electrons of CB of CdO NPs easily transfered to the rGO sheets and 
prolonged the recombination process of e~-h + pairs. The effective delay in the 
recombination time of photogenerated e~- h + pairs in CdO NPs causes to increase the 
density of free charge carriers in the dye solution mixed with rGO-CdO nanocomposites. 
These additional free charge carriers, further, react with O2 and OH~ present in the mixed 
solution and forms 02' ~ and -OH radicals, which effectively react with MB dye to degrade 
the dye molecules relatively high than that of the degradation produced by the pure CdO 
NPs. The complete degradation process of MB dye in presence of rGO-CdO 
nanocomposites as a photocatalyst may be explained with the help of following equations: 
rGO-CdO nanocomposites + photon (hv, 254nm) ->(e~) CB + (h + ) VB 

H 2 0 + h + ^ OH"+ H + 
OH" + h + ^-OH (radical) 
0 2 + e"^ 0 2 ' "(radical) 
MB dye + (rGO-CdO) + 0 2 ' degraded products 
MB dye + (rGO-CdO) + -OH-> degraded products 
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Fig. 7.10 Absorption spectra of a solution of MB dye in presence of (a) CdO NPs (b) rGO- 
CdO nanocomposites under UV light irradiation (c) degradation of MB dye with different 
photocatalysts in terms of relative concentration (C/Co) of MB dye with reaction time. 
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Fig. 7.11 Schematic diagram showing the charge transfer process for the photodegradation 
of MB dye. 
7.4 Conclusion 

In summary, I have developed a facile one-step in situ hydrothermal method to grow 
highly dispersed CdO NPs on rGO sheets. Further, the pure CdO NPs and rGO sheets have 
also been synthesized by following the same synthesis procedure. The structural, optical 
and magnetic properties along with photocatalytic activity of pure CdO, rGO and rGO- 
CdO nanocomposites for degradation of MB dye have been discussed. The results obtained 
from HR-TEM and Raman measurements show that the hydrothermal method is a good 
approach to decorate the monodispersed, stable and dense CdO NPs on rGO sheets. HR- 
TEM observations indicate that the rGO sheets are fully exfoliated and decorated with 
CdO NPs of an average size of ~5 nm. The rGO-CdO nanocomposites are found to have 
enhanced photocatalytic degradation of MB dye molecule compared to pure CdO NPs and 
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rGO sheets under UV light irradiation. The enhanced photocatalytic activity of rGO-CdO 
nanocomposites is attributed to the increase of free charge carriers due to prolongation of 
recombination time of e~-h + pairs. The pure CdO NPs shows RTFM. The RTFM of CdO 
NPs is increased on decoration of these NPs over rGO sheets. Due to enhanced 
photocatalytic activity of the rGO-CdO nanocomposites, it may be used as promising 
material for practical applications in environmental pollutant management. 
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Scope of future work 



In this chapter, based on the research work reported in the present thesis, a brief 
description of future scope of research work has been given. 
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In the present work, CdO nanowires, CdO/MnC>2 (core/shell) nanostructures and 
monodispersed CeC>2 nanoparticles were synthesized by simple and low cost chemical 
methods such as; co-precipitation and sol-gel. The, GO, rGO, rGO-CdS and rGO-CdO 
nanocomposites were also synthesized by a facile one pot solvothermal/hydrothermal 
method. The co-precipitation and sol-gel methods are found to be one of the cheapest and 
easiest synthesis techniques for manufacturing size and shape controlled nanostructures 
such as; quantum dots, nanowires and core/shell nanostructures. The quantum dots, 
nanowires and core/shell nanostructures of other materials can be synthesized on the basis 
of synthesis protocols presented in this thesis. The optical, magnetic, photocatalytic and 
antimicrobial activities of other transition metal oxides nanostructures of different shapes 
and sizes could also be done. These special types of nanostructures are of great importance 
for several applications such as; optoelectronics, nanoelectronics, energy storage materials 
and environmental issues. 

In addition to the technological application, the graphene based nanocomposites 
have been now considered as a promising material due to its unique properties and of great 
potential for application in many areas of science and technology, particularly to solve the 
problems of energy crisis and environmental issues. The graphene based metal oxides 
nanocomposites have been successfully made in the laboratory and its possible 
applications in the areas of supercapacitors, fuel cells, photovoltaic devices, photocatalysis 
and sensing platforms have been explored. The synthesis protocols reported in the present 
thesis for synthesis of graphene based metals oxides nanocomposites provide highly 
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dispersed nanostructures with intimate contact with the graphene sheets. The rGO-CdS and 
rGO-CdO nanocomposites show enhanced photocatalytic activity to degrade MB dye 
compared to degradation capability of individual CdS and CdO nanoparticles. Thus, in 
view of tumble band gap, weak ferromagnetism and enhanced photocatalytic activity of the 
synthesized metal oxide nanostructures and its nanocomposites with rGO, I would like to 
extend my future research in the areas of controlled synthesize and investigations on 
optical and magnetic properties of other metal oxide based nanostructures. Further, I shall 
also try to decorate well dispersed metal oxides nanostructures over rGO sheets to modify 
their optical and magnetic properties. The photocatalytic activities of pure metal oxides 
nanostructures and those decorated over the rGO sheets will be investigated for 
photodegradation of pollutant molecules under visible and UV irradiation. The future 
scope of research has been summarized under the following bullet points: 

> I would like to find some more reducing agents to get high yield of rGO. 

> Synthesis of other layered nanostructures such as; M0S2 with graphene to get 
improved optical and magnetic properties. 

> Investigation of new photocatalyst materials for photodegradation of long organic 
molecules. 

> Synthesis of other semiconductor nanostructures of controlled shape and size using 
the synthesis protocols presented in the present thesis. 

> Synthesis of rGO decorated with transition metal oxides nanostructures for 
enhanced photocatalytic activity. 
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